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HYDRAULICS OF FUEL INJECTION PUMPS FOR COMPRESSION-IGNITION ENGINES

By A. M. RorEROCK

SUMMARY

Formulas are derived for computing the instantaneous
pressures delivered by a fuel pump. The first derivation
considers the compressibility of the fuel and the second,
the compressibility, elasticity, and inertia of the fuel.
The second derivation follows that given by Sass; it is
shown to be the more accurate of the two. Additional
formulas are given for determining the resistance losses
in the injection tube. Experimental data are presented
in support of the analyses. The report is concluded with
an application of the theory to the design of fuel pump
injection systems for which sample calculations are
included.

INTRODUCTION

With the introduection of the high-speed compression-
ignition engine, it became necessary to devise a method
for injecting minute quantities of liquid fuel into the
combustion chamber of the engine in extremely short
fime intervals. For slow-speed engines the mechani-
cally operated injection valve had proved itself to be
satisfactory. However, controlling the amount of fuel
injected by the lift of & mechanically operated injection
valve did not prove satisfactory for the higher speeds
and the smaller fuel quantities required for automotive
and aircraft engines, because of the difficulty of keeping
the lift adjusted properly while in operation. Conse-
quently, investigations were made to determine the
possibility of accurately controlling the timing of
injeefion and the quantity of fuel injected by means of
o displacement pump. It was found that such pumps
provided an accurate method of injecting the small fuel
quantities required.

The use of direet injection from the fuel pump for
automotive compression-ignition engines has steadily
gained in favor, particularly in Germany, and at
present the use of a common-rail injection system,
with & mechanically operated injection valve, is rare
for engine speeds of over 1,000 r. p. m. Of the
aeronautical compression-ignition engines that have
been successfully flight tested, the Packard, the Junk-
ers, the Clerget, and the Fiat all use direct pump
injection.

The different types of fuel pumps that have been
employed are numerous. They have been described

by several writers (references 1, 2, 3, and 4) according
to the mechanical details of the pumps and the methods
of regulating the fuel quantity delivered. The pumps
can, in general, be divided into two classes:.pumps in
which the fuel quantity delivered is controlled by the
stroke of the pump, and pumps in which the fuel
quentity delivered is controlled by valves which by-
pess the fuel for & certain part of the stroke. In the
first class can be mentioned the Dorner system, as
used on the Packard Aircraft Diesel (reference 5), and

the Motorenfabrik Deutz pump (reference 4). Ex-

amples of the second class are the Bosch pump (refer-
ence 1), the N. A. C. A. single-cylinder pump (refer-
ence 6), and the Linke-Hofmann-Busch-¥Yerke pump
(reference 4). Vith pumps of the first class either a
lever arm of variable length, as is used on the Dorner
pump, or & bevel flank cam, as is used on the Motoren-
fabrik Deutz pump, may be employed. With the
constent-stroke pump the by-pass valves may be port
valves as employed on the Bosch pump, poppet
valves as employed on the N. A. C. A. single-cylinder
pump, or a combination of & poppet and a needle valve
as employed on the Linke-Hofmann-Busch-Werke
pump.

Two other types of pumps might be mentioned:
pumps in which the fuel quantity delivered is con-
trolled by a valve which by-passes part of the fuel

"during the injection stroke; and pumps in which the

fuel quantity delivered is controlled by limiting the
fuel drawn into the pump on the suction stroke. The
former can be classed with the variable-stroke pumps
and the latter with the constant-siroke pumps.

The construction of fuel injection pumps has been
perfected to a high degree. Machining methods have
progressed so that the pumps can be made reliasble and
sturdy at a cost that is not prohibitive. Too little
attention has been paid, however, to the hydraulics of
the system. Although it is known that pumps will
meter minute quantities of fuel accurately, the manner
in which the fuel is injected has been very much open
to question. Unfortunately, there has not been suffi-
cient experimentsal work done on the effect of the rate
of fuel injection on engine performance to allow defi-
nite rules to be formed as to the rates of injection to be
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employed. Ricardo (reference 7) has stated that the
rate of combustion can be controlled by the rate of
injection after combustion hss been started. Neu-
mann (reference 8) has made computations of the
theoretical cycle efficiencies which should be cobtained
for various rates of fuel combustion. Wild (reference
1) has stated that for efficient combustion the fuel must
be injected at an increasing velocity, so that, as injec-
tion proceeds, the unburned fuel entering the combus-
tion chamber will penetrate through the burned gases
into fresh air. However, Rheim (reference 9) and
Schweitzer (reference 10) have both shown that the
meaximum penetration of the fuel spray is independent
of the rate at which it leaves the nozzle, although as
shown by Miller and Beardsley (reference 11} and
Gelalles (reference 12), the rate of penetration for the
first 0.002 or 0.003 second is affected by the rate at
which the fuel leaves the nozzle. If the injection
system is to be designed so that the rate of injection is
controlled by the fuel pump, it is necessary to deter-
mine the effect of the rate of displacement of the fuel-
pump plunger on the rate of fuel discharge from the
discharge orifice. In such a determination there are
several factors that must be taken into consideration.
The most important of these are the compressibility,
the elasticity, the inertia of the fuel column between
the pump plunger and the discharge orifice, and the
resistance to fuel flow through the injection system.
Because of these factors, the fuel quantity discharged
is generally less than the fuel quantity displaced at the
fuel pump, even though the volumetric efficiency of
the pump may be as high as 100 per cent. 'The resist-
ance to flow can be made negligible by the use of flow
passages of the correct internal diameter. The other
factors mentioned must-be considered in the design of
the fuel pump and the injection valve. They do not
constitute any disadvantage to the injection of the
fuel once their effect is known and compensated for.
To design correctly & fuel-pump injection system
that will inject the fuel according to a predetermined
method, it is necessary to study the hydraulics of the
injection system from the pump plunger to the dis-
charge orifice. There are sufficient data on hydraulies
aveilable to permit an analysis to be made that will
lead to certain principles to be used in pump design.
It is the purpose of this report to present such an
analysis based on the available data and formulas of
hydraulics, as applied to fuel-pump injection systems,
and to present experimental data to show how closely
the analysis corresponds to actual pump operation.
The research was conducted at the Langley Me-
morial Aeronautical Laboratory, Langley Field, Va.

ANALYSIS

The instantaneous pressures p at the discharge
orifice of a fuel injection system operated by a dis-
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placement pump are, at any pump angle 8, controlled

by: .

o 'V—Velocity of the pump plunger at the angle
8, in units of length per degree of pump
rotation.

A—Area of the pump plunger.

n—Puinp speed, r. p. m.

T—Cross-sectional area of injection tube.

L—Length of the injection tube.

y—Density of the fuel oil.

p—Viscosity of the fuel at the pressure p.

FE—Bulk modulus of the fuel. S

Ry—Total volume between the pump plunger
and the discharge orifice at the angle 6.
a—Ares of discharge orifice or area of sum of
discharge orifices if a multiorifice nozzle
is used.
c—Coefficient of discharge of discharge orifice
or orifices.
pr—Opening pressure of injection valve.
pr—Pressure maintained in the injection tube
between successive injections.

There are two methods of computing the instanta-
neous pressures at the discharge orifice from these
verinbles. The first is to consider the fuel as compres-
gibla but to neglect pressure waves that occur in the
system because of the compressibility of the fuel; that

'is, to assume that all pressures are transmitted instan-

taneously throughout the injection system. The
method is applicable when the pressure-wave energy
is small; that is, for low fuel velocities through the
injection tube. The second method considers the
pressure-wave energy, and is based on Allievi’s theory
of water hammer as adapted by Sass to the design of
fuel injection systems for compression-ignition engines.
(Reference 13.) The second method is the more accu-
rate. The first is the simpler, but can be used only
under the above conditions.
(a) ANALYSIS CONSIDERING COMPRESSIBILITY BUT NEGLECTING
PRESSURE WAVES

The maximum pressure p, which a fuel injection
pump can deliver for a given pump-plunger velocity
V is obtained by equating the rate of displacement at
the fuel pump to the rate of discharge through the
discharge orifice.

6A4AnV= ac\/ 2L;"' (1)
in which pis equal toy/g. The velocity Vis multiplied
by 6n because the velocity in units of distance traversed
per second is equal to 6n times the velocity in units
of distance ftraversed per degree of pump rotation,
Solving for pn

18(4AnV }’b

(ac)?

Dn= (2)
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It is seen that the maximum pressure at any given
pump angle varies directly as the square of pump-
plunger speed at that angle, and inversely as the
fourth power of the discharge-orifice diameter.
When pump injection is used for variable-speed engine
operation, this variation of ps with pump speed is an
importent factor. With a closed nozzle the injection-
valve stem will remain lifted during the whole injection
period at and above the speed which gives values of 7,
for the injection period equal to orgreater than p;a’fa’’.
Here o’ is the area of the injection valve stem exposed
to the hydraulic pressure when the injeetion valve is
closed, and @’/ the area exposed to the hydraulic pres-
sure when the valve is opened. At speeds below this
the valve stem will oscillate, opening and closing the
injection velve, unless there is sufficient volume of
fuel under pressure to maintain the value of 7, a’fe’’
due to the fluid compression.

The effect of engine speed on the instsntaneous
pressures which appear in both methods of computa-
tion, as will be seen later, presents one of the most
serious difficulties in fuel-pump operation. Since the
pressures vary with speed, the rate of fuel injection
must also vary with speed. Consequently, the dis-
tance traversed by the fuel in the combustion cham-
ber of the engine during the fime available for com-
bustion (reference 12) varies with the engine speed.
Furthermore, according to the work of Triebnigg
(reference 14), YWoltjen (reference 15), Kuehn (refer-
ence 16), and Sass (reference 17), the atomization of
the fuel spray varies with the injection pressure. It
is seen, therefore, that with fuel-pump injection
systems, the rate of penetration and the atomization
of the fuel spray vary with engine speed. As & result,
it can not be expected that the combustion character-
istics will be the same at all speeds. This variation
can be compensated for to & certain extent by the
use of a variable rate-of-lift cam in the fuel pump,
and by so designing the pump that the low rate-of-lift
portion is used for high speeds and the high rate-of-lift
portion for the low speeds, in which the rate of lift is
considered with respect to pump degrees.

The maximum pressures given in equation (2) are
seldom realized in operation because of the resistance to
flow through the injection system, the inertia of the fuel,
and the compressibility of the fuel. Consequenily,
the instantaneous pressures at any given pump angle
vary as some power of the speed less then the square,
The effect of the compressibility of the fuel can be
treated in the following msanner.

Yhen the by-pass valve of the injection pump closes,
or, if no by-pass valve is used, when the pump plunger
starts its stroke, the displacement of the pump plunger
starts to compress the fuel between the pump plunger
and the discharge orifice, and, if an open nozzle is
used, starts to discharge the fuel. If a closed nozzle is

used, no discharge takes place until the fuel pressure
is raised to the injection valve opening pressure. If
the injection valve opening pressure is less than p,
the pressure in the injection tubes continues to rise
while discharge is taking place. If it be assumed that
all pressures are fransmitted instantaneously through-
out the injection system and that the resistance to
fiow in the injection tube is neglible, the rate at which
the fuel is displaced at the pump will be equal to the
rate at which it is discharged at the injection valve
plus the rate at which the fuel between the pump
plunger and the injection valve is compressed. The
rate at which the fuel is displaced at the pump plunger
is given by the left-hand member of equation (1).
The rate at which the fuel is discharged from the
injection valve is given by the right-hand member of
equation (1), in which g, now becomes p. The rate
at which the fuel is compressed is equal to the rate of

change of pressure Gn(&l%’, divided by the bulk modulus

of the fuel, multiplied by the volume of fuel between
the pump plunger and the discharge orifice at the
angle . Therefore,

6AnV= G&J gpﬂ + Gn%:g % (3)

Any system of units can be used in equation (3)
provided that each unit chosen is used consistently
throughout. For instance, assume that the units are
pounds, inches, and seconds. Then, remembering that
6n has the units of degrees per second,

deg. see.1intin. deg.~imin.? ig 5 +d o lo.t ot
. sae, 1 in, ~Lein, InJ eg. sec. -
e deg. b @7

n 3 see~imin 3 gec.~iHin 3 gee. L,
It is seen that the units of the left-hand member of

the equation are identical with the uniis of the right-
hand member, so that equation is satisfied dimension-

ally. Equation (3) is the general pump equation,

neglecting pressure-wave phenomens, which expresses
the instantaneous pressures at the discharge orifice in

-terms of the dimensions of the injection system and

the physical properties of the fuel.

If the value of V in equation (3) is constant, that is,
if the fuel pump has a consiant-velocity plunger
motion, equation (3) ecan be integrated to

— sAnV—acqf 2
ayios (B4T) -2 (VE-Z) #"%XM(;TV_MLQ) @
P
in which B is the total fuel volume at the start of
injection, and is measured relative to the start of
injection. The ferm E-—AV# represents the volume
at any angle 6. The logarithms are with respect to
the natural base ¢. 'The value of p is considered to be
constant. The error introduced by this assumption
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is negligible. The value of the constant of integra-
tion in equation (4) is obtained by letting p=p; when
6=0. As @ isincreased, the values of p approach the
value of p., equation (2), as a limit. Consequently,
it can be concluded that with a constant-velocity
pump plunger varying instantaneous pressures can be
obtained at the discharge orifice of the fuel-injection
valve.

If the velocity of the pump plunger is a function of
the pump angle 4, the integration of equation (3) is
not so simple. A sufficiently accurate solution can

be obtained by substituting for g‘g the expression

(po— Pa)/(6:— 8,). The angles 8, and 6, are taken close
enough together so that the error introduced by the
approximation is small. Equation (3) now becomes

8AnV =ac \/g%+ én 1’;—:%% e (5)

In solving equation (§) the initial value of p, is taken
as the injection valve opening pressure p;. The value
of p, is obtained either by substituting trial values of
ps until the equation is satisfied, or by solving the

equation as a quadratic in +/p,.

_ \/ \/2(;202 144n2AVR,, 144n°R;
a =W E G0l 5 7 g
12n .Ro
( —oa) E

By expanding and fetaining only first powers of
(8,— 6.) equation (6) can be simplified to

— E(,—8,) (AV ac '
VPu— [p“—T :/E;:_G—n\/') ¢3)

Equation (7) can be used when the rate of change of
the pump plunger velocity is small. When the value
of R remains virtually constant, that is, when the
volume of fuel in the injection tube is considerably
greater than the total volume displaced by the fuel
pump during injection, the use of equations (6) or (7)
is recommended, since all the terms in the right-hand
members can be considered constant except p, and V.
When the volume of fuel in the injection tube is not
considerably greater than the volume displaced by
the fuel pump, the solutmn by trml va.lues of 13 1s
recommended. -

If no check valve is employed between the pump and
injection valve, the discharge stops with the opening
of the cut-off valve or with the end of the pump stroke
when a variable-stroke pump is used. Under these
conditions the total fuel discharged is given by the

equation
@o “'2%2! R, (8)

in which €, is the fuel quantity displaced by the pump
P2 is the pressure at the end of i,njection, and R, the
total volume of fuel under compression at the end of
injection. Equation (8) shows that the total fuel
quantity displaced may be considerably greater than

the total fuel quantity discharged, even though the’
volumetric efficiency of the pump is 100 per cent.’

When a check valve is used, some of the fuel under
pressure in the injection tube may be trapped, so that

discharge continues after cut-off at the pump. The

research on the common-rail system (reference 18)
showed that, under certain conditions the rate of pres-
sure drop in the injection tube when cut-off occurs may
be even more rapid than the closing of the injection
valve. Consequently, it can not be expected that a
check valve will close so rapidly when cut-off occurs
that the fuel in the injection line will continue to dis-
charge through the discharge orifice until the injection
valve closing pressure is reached. However, the maxi-
mum time during which discharge can take place after
cut-off occurs can be obtained by assuming that the
check valve closes instantaneously. In this case the
discharge through the orifice after cut-off is at every
instant equal to the rate of decompression of the fuel
in the injection tube,

The complete integral of equation (9) is

P H (B 00

in which p, is the pressure in the injection tube at the

instant cut-off occurs, and p is the instantaneous pres-

sure f seconds after cut-off. Solving equation (10) forp
tEac

v=[ Vo7

(b) ANALYSIS CONSIDERING PRESSURE WAVES

Equations (6) and (11) are based on consideration of

the static-pressure phenomena in the fuel injection sys-
tem. While the compressibility of the liquid fuel has
been considered, the effects of the elasticity and inertia
of the fuel have been omitted. Consequently, the
equations fail when the effect of inertia and elasticity
becomes appreciable. The phenomenon is now the
same a3 that discussed by Allievi (reference 19) in his
treatment of the flow of water under high pressure.
Sass (reference 13) has adapted the Allievi theory to
fuel pumps. Although at first the mathematics in-
volved. may seem complicated, a study of it shows
that they are comparatively simple, and that the
method is easily adapted to actual working conditions.

\/_.=:§3 - (;)'_

an
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Following the method employed by Allievi, Sass
shows that the differential equations representing the
conditions in the fuel injection system (fig. 1) are:

(12)

FiGURE 1.—Fuel pump for explanation of Sass’s method

in which # is the velocity of the fuel at any time ¢ and
at any point z in the injection system between the
pump plunger and discharge orifice, measured from the
pump plunger; p is, as before, the density of the fuel
divided by g; and s is the velocity of pressure waves in

the system and is equal to .\/ %-
The differential equations (12) are satisfied by the
particular integral (see reference 13 for proof).

T
p=p+ Fe=5)|
(13)

1 z
=91+ EEF(t—E)

wherein F is & function having the dimensions of
pressure, ML™2, determined by the boundary condi-
tions and acting in the direction from the pump
plunger towards the discharge orifice. As is shown
later, F represents the pressure wave originating at
the pump plunger, owing to the motion of the plunger.
The argument of the function {—z/s indicates that
the pressurs wave F reaches the poinf  in z/s seconds
after the wave originated at the plunger. The quan-
tities p; and v represent the pressure and velocity in
the system before the start of the injection. Conse-
quently, o: is equal o zero. Yhen & check valve is
used between the pump plunger and the injection
tube, or when a high primary pressure is used to feed
the injection pump, P, has a value greater than zero.
In fact, as will be shown later, it often exceeds
F(—zfs). If the injection valve is so consfructed that
the disturbing pressure wave ¥ is completely expended
in forcing the fuel through the discharge orifice, the
disturbance is completely determined by means of
equations (13). In general, however, this is not the
case, and a partial reflection of the wave ¥ takes place

L The term F(t—xz/fs) is read P of (i—z/s). It represents a quaniity dependent on
the conditions at the fuel pump z/s saconds earlier than the time under consideratfon.

at the discharge orifice, so that the reflected portion
of F runs back from the discharge orifice toward the
pump plunger. The function denomination of this
reflected wave will be designated — W. The negaiive
sign is used for W since it confains within itself the
correct algebraic sign. This back-rushing wave on
reaching the pump plunger is reflected again, and
traverses the tube toward the discharge orifice. In
general, there iz & series of reflecting waves in the
injection system caused by the partial reflection or, in
some cases, the complete reflection of each successive
wave ab the discharge orifice. The form of all the

. waves is the same, and they differ only in amplitude.

The phenomena consist, therefore, of two series of
waves, one traversing the system from the injection
pump to the discharge orifice, and the other traversing
the system from the discharge orifice to the pump.
The series do not interfere with each other, conse-
quently the total pressure at any point in the injection
system is the algebraic sum of the instantaneous
pressures at that point.

Sass designates the symbol of the back-rushing
wave as — W(t+ %), since the wave reaches the point

z In zfs seconds before it reaches the pump where 2=0.

Throughout his treatment, all the symbols of the
waves are represented as the time interval between
the wave passing the point z and reaching the pump
plunger. Consequently, all waves in the positive
direction of  have the symbol {—z/fe and all waves in
the negative direction have the symbol {+z/s. With
this system of notation all waves are considered as
originating at the last reflecting surface. If all waves
are considered as originating at the pump plunger,

E=9) ., @+DI~z
8 8

the symbol becomes i—nLfs ~ ort—

for waves traveling in the negative direction, and
f—n%—g or t—’L:z for waves fraveling in the
positive direction, where y represents the number of
reflections of the wave, and also designates the time at
which the wave originated at the pump plunger, and
L is the distance between the pump plunger and the
discharge orifice.

The general integral of equafion (12) can now be
written, according to Sass’s notation

e
—-V(t +§) etc.
uz=£[F(t —§)+W<t +§)+ U(f, —f)
+ V(t +:-:-), etc.]

(14)
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or using the author’s notation

p,=pg+F(t —%)—W(t —2Ls— "‘)

+ U(t —2L+”’)—-V (t _AL “’), etc.

8 8

1 x 2L—2
o1 F0—9+W<h-s )

+ U(t —2L+x)+ v (t _AL- ), etc.:l

8 8

(15)

Consider the injection system shown in Figure 1.
Let the pressures and velocities at the-tube entrance be
designated by the subscript 1, and those at the dis-
charge orifice, by the subscript 2. Let the velocity of
the pump plunger be represented by v,. All velocities
are considered with respect to time, and not pump
degrees. For convenience consider the injection proc-
ess divided into time intervals equal to L/fs — the
time required for & pressure wave to traverse the injec-
tion tube. Consider also that the injection process is
divided into phases such that:

Phase I from ¢=0 to t=L/s.
Phase IT from ¢=L/s to t=2L/s.
Phase III from ¢=2L/s to ¢=38Lfs, ete.

In equation (15) the phase under consideration when
z is equal to L is represented by the greatest value of
n+1. As the equation is written, the greatest value
of n+1 is 4. Consequently, the equation represents
the conditions in the fourth phase. The F term
represents the wave originating at the pump plunger
at t—L/sseconds. The W term is the reflected portion
2L; % seconds before the time
under consideration; it is, consequently, the reflected
portion of F (t—2Lfs). The U tertn represents the
... B3L—z '
wave originating 3
congideration. It is thereflected portion of F' (t—3L/s),
and has, consequently, reached the pump plunger
and is starting back toward the discharge orifice.
The V térm represents thé reflected portion of the
4L—z

8

of the wave originating

seconds before the time under

wave originating seconds before the time under

consideration. This wave, since its origin, haes trav-
ersed the tube from the pump plunger to the discharge
orifice, has been partially reflected traversing the tube
back again to the pump plunger, where the partially
reflected wave has been wholly reflected, and traversed
the tube again to the discharge orifice, where a second
partial reflection has taken place; and the second parti-
ally reflected wave has started back again toward the
pump plunger and reached the point 2. It is seen that
the total number of reflections that any wave has
experienced at the time under consideration is repre-
sented by the number » for that particular wave:-

The total time since the start of injection is represented
in equation (15) by setting the last symbol equal to
zero and solving for ¢, or in this particular case
f— 4L—z
P)

The disturbance taking place during the first phase,
that is, from the beginning of the injection at the fuel
pump until the arrival of the initial wave at the dis-
charge orifice, is expressed by equations (13) in which
Uk=0.

I

. Pz=27r.+F<t"'§) (16)

_1 z
‘D,—E F(t'— 8)

in which the Roman numersls indicate the phase
under consideration. Following Sass’s treatment, con-

sider the conditions at the pump plunger where z=0.

L
- =t Ft)
L (17)

1
01=;'g F(t)

The fuel in the immediate vicinity of the pump
plunger must move with the velocity of the pump
plunger v,, and at the entrance to the injection tube
the velocity is equal to », multiplied by the ratio of
the pump plunger area 4 to the injection tube area 7.

=9, A/ T (18)
For the first period, therefore
I
n=iF @0y ag ~

F ()=ps v1=ps %%

From the pump speed and from the shape of the pump
cam v,, v, and consequently, F (f) can be determined
for all phases of the injection period. It is seen that
F is"a continuous function extending through the
whole injection period. _

The primary wave reaching the discharge orifice is
also determined from equations (13) in which = is

equal to L.
L
P2=Pk+F(t" %)
L (21)
1 _L

The value of the function F(t— L/s) is identical with
the function F(f) = spv, except that it occurs L/s seconds

e



HEYDRAULICS OF FUEL INJECTION PUMPS FOR COMPRESSION-IGNITION ENGINES 627

later than F'(f), the time Lfs seconds representing the
interval required for the wave to traverse the distance
L between the pump plunger and the discharge orifice.
Equations (21) may now be written

L
P5=Pk+8PL'% I,]

J (22)

&

”’=L.l[ L

8

It is seen that the pressure at any point in the system
during the first phase is equal to the initial pressure in
the tube plus the wave energy from the motion of the
pump plunger. Since sp»; Tepresents a pressure, it
must have the dimensions M L~*, Writing the factors
in dimensional form

g=L T
ML
PET T
91=L T
spoy=L T"ML3L*T*L T
=ML

If the pressure p; given in equations (22) is equal to or
greater than the pressure required to open the injection
valve, when an automatic injection valve is used, the
pressure wave is in general partially reflected. The
portion of the wave F which is reflected, designated
— W, appearsin the second phase. The pressure and
velocity now prevailing in the injection tube are, con-
sequently, of the order of the general equations (14)

or 1(_}5)
Il Pz"Pt"‘F(“ é)— WG— é) (23)

A2 D]

multiplying the second equation by ps and adding to
the first
II.

L
Substituting for F (f —L/s) its value ps % g
T

II.
Patapry=pp+2 Psﬂ%_f - (25)

which also represents the pressure conditions at the
discharge orifice through the third phase. The quan-
tity ps vy represents the portion of the wave ps %z,

T

which is not reflected but is absorbed in the discharge
of the liquid fuel from the discharge orifice. The
velocity oy is the vector sum of the velocity of the on-
coming wave ps %z plus the velocity of its reflected

portion W (t —% . Consequently, » must be equal
to the velocity of the fuel through the discharge orifice
multiplied by the ratio of the discharge orifice ares a
times its coefficient of discharge ¢ to the tube area 7.

02=ﬂ¢a—1—? (26)

in which v, is the velocity through thedischarge orifice.
From, the conservation of energy

Pt 2272 ——‘0¢ 2+ D, @7

in which p, is the pressure in the engine cylinder into
which the discharge takes place. -Substituting from

equation (26)
) - 1]+P: (28)

Since in practice the ratio (Tfac)! is large, equation
(28) can be simplified to

Ps"_’?z’=%‘l’sz (a_I;)’ (295

Equations 25 and 29 both contain the parameter o,
which can be eliminated between them, resulting in a
quadratic equation in p; which can be solved for p,,
In which case
sac
—P:= 4[

+\/< 83c [2Y | 4(pst 208 t‘;—p,)_l

Since( sac‘/y ) is generally small, equation (30} can

be simplified to
+'\/Pk+293 1= Ps I (31)

A second method of obtaining p, is the graphical
method employed by Sass using equations (25) and
(29). From the cam contour determine the range of
values for 7;. Substituting in equafion (29) values of
vy equal to the values of 7, plot & curve of p; against
pat+8prs. Since from equation (25), Ppstsem=n:
+28p’b‘1 _& this is also a curve of p, against

Pz—§02

P2 P:="‘|:_

From the values of pp+ 28p‘!.‘1 the eor-

Prt 28p1?1 z,

responding va.lues of p, are obtained from the curve.

Consequently, the instantaneous pressures are deter-
mined at the discharge orifice for the second phase.
In the same manner, the quantity spz; can be deter-
mined. It represents the portion of the wave that is

lost because of the discharge through the discharge

orifice.

2 (30) .

1
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If the first equation of (23)is subtracted from equa-
tion (24), the value of the back-rushing wave — W is
obtained.

psvg—.pth_£==w<t—— (32)

&

Equation (32) shows that the reflected wave is equal
to the oncoming wave less the wave energy lost to
discharge. Had the pressure p; been less than the
valve opening pressure, v; would be equal to zero, since
no discharge could take place, and the oncoming wave
would be completely reflected. Consequently, for the
case of complete reflection

I

Pi=prt2psty
&

It ia difficult to determine the exact conditions exist-
ing during the start of discherge from the injection
valve when a closed nozzle is used. Sass undertakes,
at this point in the analysis, to consider the movement
of the injection valve stem. He assumes that the lift
of the stem is at all times equal to the lift that would
be obtained with a static pressure equal to the com-
puted instantaneous pressures. This method does
not consider the inertia of the injection valve stem
and spring; consequently, the results are in error, un-
less the frequency of the stem and spring is extremely
high. In commercial injection valves this is seldom
true, the frequencies being of the order of 500 cycles
per second for injection valves designed for high-speed
engine operation. (Reference 18.) If the injection
" valve is so designed that a small fraction of the total
lift of the stem presents 'a flow area considerably
greater than the flow area of the discharge orifice, the
effect of the stem motion may be neglected. If this
is not the case, the oscillations of the stem will affect
the discharge of the fuel and may, in some cases, cause
the stem to strike the injection valve seat, causing
momentary stopping of the discherge. (See fig. 42.)
As will be shown later by the experimentel records,
when the injection tube is of sufficient size to insure
laminar flow through it, the lift of the injection valve
stem required to present a flow area equal to the dis-
charge orifice is reached in an extremely short time,
Consequently, the effect of the injection valve stem
movement is neglected, and the flow is assumed to
start instantaneously when the injection valve opening
pressure is reached.

In Sass’s computations he considers that the initial

wave reaching the discharge orifice is completely
reflected, since reflaction takes place instantaneously.
The author has assumed that partial reflection takes
place because of the difficulty of accurately analyzing
the conditions that take place during the smell time
interval between the start of opening of the injection
valve and the time when the stem has reached a lift
gufficient to permit unrestricted flow around it.

B8
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The back-rushing wave — W reaches the pump

plunger 2 L/s seconds after the wave of which if is the
partial reflection originated at the pump plunger, and
it is completely reflected, reaching the discharge orifice
L/s soconds Iater, which is the end of the third phase.
The interpretation of equations (14) and (15} is now
fully explained. For the conditions at the pump
where 2=0 and considering ¢ equal to 2 L/s
Pr=Dpt F(t)— W(t— )+ U(t—— l

042 0]

(34)

Tt is seen that the argument of — W is the same as that

of U. " This is because W is instantaneously reflected.
Since no wave energy is lost during reflection at the
pump plunger, U is equal to W but opposite in sign.
Equations (34) can, therefore, be written
pi=pt FO -2 (1-2£)
1
U1=;E F(f)

(35)

As was the case for complete reflection at the discharge
orifice, the velocities of W and U are identical but
opposite in sign, so that V; during the third phase is

equal to %g F (1) which is equal tov, A/T. The onrush-
ing wave of the.third phase psv,_zis now reenforced
&

by the reflection of the reflected wave of the first phase,
that is, by U/. These two waves reach the discharge

orifice together at the end of the third phase

Equation (15) now becomes for z=L
IIr,

=p,,+F(t——) W(t—§)+U(t——

| - V(z _3L
ur

as Ll F(s-2)em(s —-)+ v(:-2£
+V<t— ):I

which 1 represents the conditions durmg the third phase
In equations (36) F represents the wave originating
at the pump plunger during the third phase, T repre-

(36)

sents the reflected portion of it, U represents the

reflected portion of the wave originating during the
first phase, and V represents the reflected portion of
U. The equation can be simplified by combining the
two reflected portions W and V into a single reflected
wave W',
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1.
;Tpg+F<t——)+U(t—— W’(t——) "
w= F(1=5)+0(e-F) W (1-9)

It has already been shown that IV is equal to, but
opposite in sign to the reflected portion of the pre-
ceding phase, and is therefore equal to

I
] &

Substituting in equation (37)

IIT,

pa=prt oo+ (oot gy pom )~ W7 G—2)
=8 s F ]

III. ] (38)

=v§_£+ o s —o £ +—W'(t—-—)

All the values in equations (38) are known with the
exception p,, vs, and W’. They are determined in the
same manner as was used in the derivation of equation
(82). 1If the graphieal method is employed, the same
curve of p, against p,+psvg=pg+2spv§ £ can be used,

since the two oncoming waves can be considered as a
single wave.
By the use of equations (38) the general equations
(14) or (15) can be simplified into
W'(t —5)

—p,+F<t—£) W(t——
2D (- Dy (B[

in w]nch TV represents the reflection of all waves reach-
ing the discharge orifice 2 L/s seconds before the time
t under consideration, and TV’ represents the reflected
portion of both F and W. The use of equations (39)
resulfs in the computations for ectual cases being much
shorter than the use of equations (14) or (15) which
Sass employs because equations (39) consider all
waves in the positive direction as a single wave, and all
waves in the negative direction as a single wave,
whereas equations (14) or (15) consider each wave
individuaslly.

The first equation In equations (39) may also be
written

pz =Dp+2 (8921 1;+ Spﬁ L)—- 8pts (40)

in which »’ represents the sum of all reflected waves
leaving the pump plunger &t t—'%'-

In reference 13 Sass has applied the general equa-
tions (14) to a numerical example. He has, however,

made an error in computing the tertiary wave U.
He has correctly shown that the pressure at the pump
plunger for values of ¢ equal to and greater than 2L/s
is given by equations (35). He has, however, incor-
rectly assumed that the onrushing wave is now equal
to F({— Lfs)—2 W+ L/s). Consequently, although

he correctly computes the values of p,+2 [I(t¥ l;) -

W<t+%)]from which the values of p; for the various

phases are computed, the values of his back-rushing
waves are incorrect after the start of the third phsase.
He considers them as being equal to

(e Do s D)

This results in the final pressures being computed to
be greater than they actually are. Actually they are
given, from the substitution of equation (32), in

equation (23) by
P(E)on s Do ]
-

Since the motion of the fuel injection pump plunger
is considered as being transmitted instantaneously to
the fuel in the injection tube, the curve for the pres-
sures at the discherge orifice jumps instantaneously
from p, to p,+2spv} z— 8o0;. 'This is not the case

[ ]

in actual operation since an appreciable time lag must
elapse between the start of the closing of the by-pass
valve of the injection pump and its complete closure.
This jump in the curve occurs again when the reflected
portion of the initial wave sgain reaches the discharge
orifice at #=3ZLfs and for all values of i=xL/fs for
which 4 is an odd number. However, each time this
wave reaches the discharge orifice it loses some of its
intensity to the discharging fuel. Consequently, the
wave continually decreases in intensity, and finally
disappears.

As has been stated, under certain conditions no
reflection of the pressure waves tekes place. This is
frue when sall the wave energy is absorbed in the
discharge of fuel through the discharge orifice. Under
this condition o, is equal to %z Substituting the

]
value of p, obtained in equation (29) in equation (25)
and setting o, equal to % g

o L=s<T> +\/g=(‘w) 2(‘;‘,’) (41)
which represents the value of #; for which no reflection
of the wave takes place. For any velues of 7 less
than this the reflected wave will be one of rarefaction
and W will be positive in sign and — W will becomse
negative in value.
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(c) DETERMINATION OF VELOCITY OF PRESSURE WAVES

In all the computations presented in this report,
the value of & has been computed from the value of E
given by Hersey (reference 20), 284,000 pounds per
square inch. This value was chosen from fuels of
similar properties to that used in the experimental
work. The corresponding value of ¢ is 59,600 inches

Initial—pressure
corrtrol vaolve
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/ injection volve
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By-pass volve
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the tube. He shows, however, that-the decrease is
negligible. The equation for the velocity in & tube in
which expansion takes place is given by Sass (refer-
ence 13) as

AR Higlr-prassure
%: &/é reservolr
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F1aURE 2.~Fusl spray injection systom

per second. Sass (reference 13) uses the value of E
determined experimentally for Diesel oil by Alexander
(reference 21) 296,000 pounds per square inch. The
corresponding value of ¢ is 60,000 inches per second.
The author has determined directly, in the investiga-
tion of the time lags of injection systems. (reference 22)
the approximate value of & Using the injection
gystem shown in Figure 2, he measured the time lag
between the release of pressure at the timing value
and the appearance of the fuel spray from the dis-
charge orifice. Figure 3 shows the effect of injection
tube length on the time lag. It is seen that the differ-
ence in time lag between a 70-inch tube and a 10-inch
tube is 0.0012 second. Dividing this time into the
difference in tube length, 60 inches, the value of ¢
is found to be 50,000 inches per second, which checks
the values computed from E to a reasonable degree of
accuracy.

(d) EFFECT OF EXPANSION OF INJECTION TUBE

According to Sass, any expansion of the injection
tube will decrease the velocity of the pressure waves in

in which e is the bulk modulus of the injection tube
material, D’ the outside diameter of the injection tube,
and D the inside diameter. When e becomes infinite

‘E 004 O Jn 7 /e LfIbIL 'pfles.slurel :aloo It[)./.slq. mn.
8 ' i X ~ . ‘.‘ . 8000 M ] ~
b | L—
o L— | —
$ '00_2 - 1%
N
Q a 20 3Q 40 50 60 70

Tube length, inches

Fravax 3.—Effect of tube length on time lag. Initfal pressurae, 1,000 1b./sq. in.;
valve opening pressure, 4,000 1b./sq. In,

the equation becomes s=\/% + The equation for s’

can be rewritten as

s’=,JE
- . p

In practice I’ is equal to approximately 2D. The

D
¢« D+ED’
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value of e is approximately 30,000,000 pounds per
square inch, so that

/ eD €
VeDYED" Vet2E
_ 3X107
3X107+0.057 X 10"
=0.99

Therefore,
&= 0.99s,
& decrease of 1 per cent, which is negligible.

The steel injection tubes used in the tests, thé re-
sults of which are presenfed in the next section, had
outside diameters of approximately twice the inside
diameters. Consequently, the effect of the injection
tube expansion was neglected.

(e} INVESTIGATION ;OF RESISTANCE TO FLOW IN THE INJECTION
SYSTEM

]
In both the preceding analyses it has been considered
that the resistance to flow in the injection tube is
negligible. This is true only when the injection tube

1s of sufficient sizs to insure small resistance losses.’

The resistance depends on the type of flow through the
injection tube. For low velocities the flow is laminar
and the resistance varies as the first power of the
velocity and the viscosity. It is expressed in units of
pressure by the relationship

p=382vpL[DP. (42)

For & pump plunger of a given diameter and for 2
given plunger velocity the value of 7, is given from
equation (19} as ' )
_vA _24nV4

"=y .
ZD’

(43)

in which 2,=6nV and D is the injection tube diamseter.
Substituting in equation (42)

T68n VA
P=—"p"

T

L (44)

Therefore, other conditions remaining the same, the
resistance in the injection tube, with laminar flow,
varies inversely as the fourth power of the injection
tube diameter.

As the velocity through the tube is increased, owing
to an increase in the pump plunger velocity, the flow
changes from Jaminar to turbulent. The Ilowest
velocity at which this transformation begins is termed
the lower critical velocity. It is that velocity for

which Reynolds Numberigis equal to approximately

2,000, and is, therefore, expressed by the relationship
5%=20007 (45)

in which » is the kinematic viscosity and is equal to
g/p. The maximum velocity through the injection
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tube is expressed by equation (43).

equation (43) to %, in equation (45),
6nVA '

T
ZD’

Equating #; in

=2000 11),

and
- 6nVA
500x¥

which expresses the tube diameter for the eritical
velocity in terms of the pump speed and the kinematic
viscosity, and determines the minimum injection tube
diameter to be used at any pump speed. From equa-
tion (46) and a knowledge of the pump dimensions the
injection tube diameter for the critical velocity can be
determined for all speeds of the pump. Since » varies
as some power of p, greater than one, and p, varies
as the square of n, the curve of D, against n may show
a maximum. (See fig. 29, Appendix IT1.) '

For turbulent flow the resistance varies as the square
of the velocity and as the density. It is expressed in
units of pressure by the equation

Dy

(46)

2
p=fL35 (47)

in which f is the coefficient of friction and is given by
Hopf (reference 23) as

~0.35

£=0.00714+0.6104 ( ”‘—,p-) (48)

It is noticed that f is a function of Reynolds Number,

2,Dfv and consequently is & function of both the den-

sity and viscosity of the fluid. However, since Rey-

nolds Number is raised to the — 0.35 power, the value
of f shows little variation with either the viscosity or

the density. Substituting the value of #; from equa-

tion (43) in equation (47)

o U3 Al
p=8fLp iy

(49)

Therefore, other conditions remaining the same, the
resistance to fiow through the injection tube when the
flow is turbulent varies inversely as the fifth power of
the injection tube diameter.

Since in both the ansalyses for determining the in-
stantaneous pressures the resistance to flow was
neglected, the analyses hold only for those injection

- tube diameters equal to or greater than the values given

in equation (46). The values of pressure used in
determining the equation for the critical diameter are
obtained from equation (2) which is only a first
approximsation of the actual pressures; consequenily,
the values of D, obtained from equation (46) are not
exact. The method is, however, accurate enough for
practical use. The general rule to follow is not to use
injection tubes of diameters smaller than those given
in equation (46), using the method of evaluation em-
ployed in Appendix III. In evaluating these equa-

8
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tions extreme care must be used to obtain all functions
in the correct units.

In adapting the above method to the design of a
fuel injection system, it is well to remember that
temperature has a marked effect on the viscosity of
the fuel. (Reference20.) An increase of 20° F. may
decrease the viscosity 100 per cent. If the flow in the
injection tube is in the Jaminar range, this decrease
will decrease the resistance (equation (42)), but if the
flow isin the turbulent range, this decrease will increase
the resistance (equation (48)).

EXPERIMENTAL DETERMINATION OF DISCHARGE
PRESSURES

(s} METHODS AND APPARATUS

The fuel pump used in the tests to determine the
applicability of the analyses is shown disgrammatically
in Figure 4. The load control was obtained by rotat-
ing the pump plunger by means of the ratchet. This
varied the position at which the slot in the pump

@)

_——

FI16URE 4.~Dlagrammatic sketch of fuel pump used in tests  /

plunger came in contact with the ports in the sleeve. [
No primary fuel pressure was used other than & head
of approximately 14 feet of fuel. The pump plunger
had a diameter of 0.354 inch. The lift and velocity

of the pump plunger are shown in Figure 5. The

REPORT NATIONAL ADVISORY COWITI‘EE FOR AERONATUTICS

lift data were obtained by means of an extensometer
gage, accurate to 0.0005 inch. The velocity curve

was obtained by drawing tangents to the lift curve

at 2.5° intervals. Although the pump was nof
necessarily designed for injection over the decreasing
velocity portion of the cam, this portion was used in
the . tests in order to determine the Instantancous

D12 T ™1
: % Lloleslfby—passqoe mg-—
L0/ .5
§‘ inlet poris !:B‘se[ - /’(\ ;
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\ 14 \ LH
N alH
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D04 ve 4 . 2¥
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= o — up
.98 o 130 150 170

Pump degrees
FIGURE 5.—Flunger veloclty and 1ift carves for fuel pump used In tests

pressures delivered by the pump after the maximum
velocity was reached.

The injection valve was the same as that used in the
tests on the pressure fluctuations in & common-rail
fuel injection system. (Reference 18.) The instanta-
Teous pressures at the discharge orifice were d.etermmed

. AR

; m(\\\\\
_

8, Electromagnefic
shutter

Film drum

Light source

FIGUB; E.——Auto-mntlé' lnjection valve and apparatus for réeordiﬁé valve ste;JJ
movement

sis of photographlc records of the movement of the

injection valve stem. (Reference 18.) The injection

valve and the apparatus for recording the injection

valve stem movement are shown in Figure 6. The

| image of the light source was reflected from the pivoted

mirror and focused on the film drum. The film drum
was rotated by a synchornous motor at a peripheral



HYDRAULICS OF FUEL INJECTION PUMPS FOR COMPRESSION-IGNITION ENGINES 633

speed of approximately 1,000 inches per second. | changing either the position of the injection valve or
Any motion of the injection valve stem csused the | the recording light. A typical record of the injection

reflected light beam to traverse the photographic film | valve stem motion is shown in Figure 7. The dis-.

on the drum and record the stem movement. The | charge orifice was one of those used by Gelalles in
electromagnetic shutter was controlled 8o that the | his investigation of the coefficient of discharge.

Iift, inch

'I.tme, second,

FiGurE 7.—Record of Injection valve stem movement. (Small points Indicats Intervals at which lft was taken from record for analysis)

light beam fell on the drum during only one revolution ! (Reference 24.) It had a discharge coefficient of 0.94
of the pump. Consequently, the record of the stem | when installed in the injection valve. (Reference 24.)
was obteined for one injection only, although the pump. .
was operating continuously.

The method of obtaining the instantaneous pres- l Modifications to equations (8) and (89).—If the
sures oni the valve stem from the stem record has been | experimental results obtained under the same condi-
deseribed in detail in reference 18. It consisted of l tions as the computed results (see _A_ppend]_ces]: and H)

determining the hydraulic pressure from the force :
equilibrium equsation [ ——~Fressue computed fromequafions 6 & 11,
q q l assuming initiof pressure equals valve
apening pressure

(b} RESTULTS AND DISCUSSION

Pe=7\S+ma ! --~-—Fressure computed from equotians 6§ & /1,
! assuming initial pressure equals valve
in which P is the mean instantaneous pressure scross ° closing pressure.
. £ xperimentally determined pressure.
the stem at any time {, ¢ the area of the stem, X\ the | ¢ L
spring scale, .S the stem lift at the time #, m the mass ! ';8000
of the moving parts, and o the acceleration at the time b 2
t. 'The values of § and « were determined from the : 2 I
stem-movement record. The records were calibrated §4000 PExESNENIS
. . o a e SNEN

by the method described in reference 18, except in | 3 < NEN

------- Pressure campuied according o ; E‘

equation 39. ; ) .002 .004 .006 .008  0f0
—-——Fressure computed according fo T W Time, second

equations 6§ &1/

£ xperimentally defermm@presswe F1GURE 9.—Comparison of test pressures with pressares computed

< from equations (6) and (1) assuming Initial pressare equals the

S - valve closing pressure and thas valve opening pressure

$ 8000 g

E ' are compared (fig. 8), zero time refers to the arrival of
¥ % = 28 W o A B X the initial wave at the discharge orifice, it is seen
34000 72 L that both the computed ecorves give pressures in excess
¢ - NS of the experimentsl curve. It is now necessary to
2 | determine in what manner the analyses of the general
§ o 002 004 .006 008 .0/0 . equations differ from the experimental conditions.

. Time, second

In equation (8) it was assumed that the initial
. pressure at the discharge orifice for the start of injection
this case it was necessary to disconnect the injection | was equel to the injection valve opening pressure.
tube from the injection valve and connect the injection | The recorded lift of the injection valve stem indicates

PI6URE 8.—Comparison of test pressures with computed pressures

valve to a hand-operated high-pressure pump for the
calibration of the records. This was done without

89300—82—41

that the effective pressure was actually lower than
this, otherwise the initial rate of Iift wouid have been

L

|
I
i

[
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greater. As has been mentioned before, the condi-
tions existing during the start of injection are difficult

.to analyze. The assumption will now be made that

the initial pressure at the start of injection is not the
injection valve opening pressure but the injection
valve closing pressure, in order to take care of the

pump, both systems operated under conditions which
gave pressure-wave phenomena. Referring to Figure
10, it is seen that the pressure-wave oscillations in the

system illustrated in Figure 2 did not occur after the

second wavé. Consequently, the same assumption
will be made in the application of equation (89). The

unstable conditions at the discharge orifice when the | results of the computation, neglecting all reflected

e e eI ST z
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FIGURE 10.—Effect of timing valve cam shaft speed and Injection perfod on stem 1ift and oll pressure

injection valve starts to open. With this assumption
the results are again computed, and the resulting curve
is shown in Figure 9. It is seen that it more closely
fits the experimental curve.

In the sdaptation of equation (39) to the experi-
mental results, it is necessary to make an assumption
regarding the damping of the pressure waves. An

------- Pressure computed from equatiorr (33}
considering off pressure waves. .
Pressure computed from equation (39)
neglectirtg ol waves affer secord reriection.
Experimentally determined pressure’

$-8000
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L 0 .002 o047 006 008  .C/0
L rime, second

FIGURE 11~—Comparison of test pressures with pressures computed
from’equatlon (89} assuming all pressure waves destroyed after second
reflection at the discharge orifice

indication of the damping (fig. 10} is obtained from
the investigation of the common-rail system. (Refer-
ence 18.) Although the experimental conditions were
different-from those experienced with a pump, in that
the injection was caused by fuel in a reservoir under s
high pressure instead of the displacement fuel in a

waves after the second reflection, are shown in Figure

R ok T

T ————a—

A T g T pem——

11. " It is seen that under this assumption the results

from equation (39) fit the experimental curve more
closely than those from equations (68) and (11), indi-
cating that the pressure waves in the system exert the
controlling effect on the injection characteristics.

The conclusions are dvawn that in adapting equation
(8) to the computation of the instantaneous pressures
the initial pressure at the start of injection is con-
sidered to be the injection valve closing pressure, and
that in adapting equation (39} to the computation of
the instantaneous pressures, all pressure waves after
the second reflection are considered to be destroyed
by the damping effects of the system.

Fect of injection valve closing pressure—Figures .

12 and 13 show the effect of the injection valve closing
pressure on the injection valve stem lift and on the
instantaneous pressures. The solid pressure-curve
represents the pressure determined from the experi-
mentally recorded stem lift record, and the broken
curvesrepresent the pressures computed from equations
(6), (11}, and (39) with the modifications discussed in
the preceding paregraphs. The injection valve closing
pressure can be more accurately determined by the
use of the calibration records (reference 18) than the
opening pressure, since the opening pressure is obtuined
by observing the pressure at which the spray first issues
from the nozzle as the pressure in the injection valve
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is built up by means of & hand pump. The ratio of | an injection period greater than the recorded period.

the stem area exposed to the hydraulic pressure before
the stem [ifted to the area exposed after the stem lifted
was 0.70 for the injection valve used in the tests.

At 750 r. p. m. the injection period at the fuel pump
was 0.0071 second. At 470r. p. m. the injection period
at the pump was 0.0113 second. Consequently, when

the injection period covers a greater interval than the |

above time intervals at the respective speeds, the in-
jeetion is continued because of the fuel under compres-

sion in the injection tube when equation (6) is used, or !
by the continued oscillations of the pressure waves in |
the m]ectlon tube when equation (39) is used. Equa-
tion (11) is used to complete the computations of the :
injection process when the pressure given by equation |

(6) is greater than the injection valve closing pressure
at cut-off at the fuel pump.

At 750 r. p. m. it is seen that at the lowest valve
closing pressure the injection period is greater than the
time interval during which the by-pass valve at the
pump is closed (0.0071 second). As the valve closing
pressure was increased, the injection period decreased

NN NN
8000\ —""""""" Pressure from eqmz‘m (39, i
R o o (6) and | ¢
[ Experimerial pressure.
———Srtem Ift
4000 ey — &4
-~ )
4 “~4 o
Tl 0 | - \%‘
0 7 ' VCP = 550 /b./sq. in. TN TN 0
PP TT
S | '
S 0004 4 -
{. IS o sl D% N P~ aad
Q L2 L A 5
[y " ’-—* < k- ‘S \\\ s
5 0 LY (VCP = (200 b /sq. i =S oE
) =
%) ~
o E
\Q 0 HE P nnd S 2 e Y %
3 T I N o4
-~ - | [IDR 1 un N ™~
e TT 1T P~
0 AV VCP = 21205 /sq i) |\ 0
i
iy = ~ =
<000 A== N a4
1 I
ENE ] k] N
// I_ .\1\
A WKCP = 2750 tb./sq. it | g
o .00z 004 006 acg ora
fime, second

FIGURE 12.—Eflect of valve closing pressure on stem lift and fuel pressure, Pump
speed=750 r. p. m.; tube length=34 inches; Inside tube diameter=0.138 inch

until, at the highest value, the period was slightly less
than 0.0071 second. At the lower closing pressures
both the computed pressure curves also show the long
injection period. At the higher closing pressures the
curve from equation (39) shortens correspondingly
while the curve based on equations (8) and (11) show

At the lower closing pressures the curve of equsations
(6) and (11) fit the experimental results more closely,
while at the higher closing pressures the curve accord-
ing to equation (39) shows the closer agreement with
the experimental results. It can be concluded that for
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pumup speed. Tube length=34 fnches; inslde tube dlameter=0.076 Inck; pump
speed =470 r. p. m.; orifice diameter=0.020 inch

high pump speeds at low injection valve closing pres-
sures, and, consequently, lower initial pressures in the
injection tube, the actual conditions are closely approx-
imated by computing the instantaneous pressures from
a consideration of the compressibility but not the pres-
sure-wave phenomena of the fuel; while at the higher
valve closing pressures, and consequent higher initisl
pressures, the actual conditions are more closely
approximated by computing the instantaneous pres-
sures from a consideration of the pressure-wave phe-
nomena. It is well to mention at this time that
injection periods at the injection valve which are in
excess of the injection period at the pump may be
caused by pressure waves set up in the system before
the by-pass valve of the pump is closed. In this case,
injection would appear earlier than Lfs seconds after
the closing of the by-pass valve. It is possible that
these phenomena did occur with the low injection valve
closing pressures.

It is noticed that at the injection valve closing pres-
sures of 550 and 1,200 pounds per square inch second-

ary discharges occurred. These were not due to the

F1aurE 13.—Eflect of valve closing Dressure on stem Iift and fizel pressars at low .
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mechanical bouncing of the injection valve stem, as was
the case in the investigation on the common-rail system
(reference 18), because in this case the secondary lift
would have been jagged and closer to the end of the
initial lift. Secondary discharges can be explained
from the analysis, according to Sass, in the derivation
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Ffeunx 14.~Effact of tube length on stem lift and fuel pressure. Pump speed

=750 1, p. m.; inside tube diameter=0,125 inch; valve closing pressure=

2,6501b./sq. In,
of equation (39) on the assumption that the by-pass
valve closes sufficiently rapidly so that the oscillations
continue in the injection tube. Under this circum-
stance the waves can cause several openings and clos-
ings of the injection_valve. If is difficult to compute
the cases under which secondary discharge will take
place because of the lack of knowledge of the closing
process of the by-pass valve. At the higher valve
closing pressures, if such pressure waves did oceur, they
were not-of sufficient intensity to reopen the injection
valve.

At the lower pump speed (470 r. p. m.) both methods
of computing the instantaneous pressures show good
agreement with the experimentally determined values.
In this case, the injection period for the lowest injection
valve closing pressure was equal to the period at the
pump, but as the closing pressure was increased the
injection period decreased. The bouncing of the stem
during the start of injection was caused by the tube.
diameter being less than the critical diameter. (See
fig. 29, AppendixIT1.}) This bouncing will be discussed
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in deteil in the section on the effect of injection tube
diameter.

Analysis of the two figures indicates that the check
valve at the entrance to the injection tube did not
permit the pressure in the injection tube to drop to
stmospherie but maintained the pressure at a value
approaching the injection valve closing pressure.

The general conclusion to be drawn from the figures
is that the injection valve closing and opening pressures
materially affect the injection characteristics of a fuel
pump injection system, and that increasing the injec-
tion valve opening and closing pressures decreases the
injection period but increases the -instantaneous

pressures. _ .

Effect of injection tube length, —The effect of the
injection tube length on the instentaneous pressures is
shown in Figure 14. It is seen that up to tube lengths
of 34 inches there is little change in the injection char-
acteristics according to the experimental records and
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FicUurE 15,—Effect of inside tube dlameter on stem lift and fuel pressure, -
Tube length=34 Inches; valve closing pressure=2,000 1b./sq. in.; pump
apeed=750r, p. m.,

according to the pressures computed from an analysis
of the pressure waves. For the longest tube the com-
puted pressures are at considerable variance with the
actual pressures, owing possibly to the effect of the
by-pass valve or to resistance in the injection tube,
which became excessive because of the tube length.
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The computation neglecting the pressure waves fails
for the short tube lengths. The explanation of the
small effect of the tube length is seen from an snelysis
of Teble VII, Appendix II. The values of the reflected
waves for the first reflection shown in eolumn 15 reach
a maximum of 480 pounds per square inch. Assuming
that only these pressure waves reenforce the waves
caused by the pump plunger motion, it is seen that the
injection tube length can have little effect on the instan-
taneous pressures, since the addition of the reflected
waves to the waves originating at the pump amount to
a maximum of only 480 pounds per squeare inch.
Lengthening the injection tube changes the time at
which the reflected waves are added to the wave
originating at the pump.

The genersal conclusion to be drawn from the figure
is that short injection tubes do not materially aid the
injection characteristies of fuel pumps and that con-
sequently the fuel pumps for all eylinders in multi-
cylinder operation may be constructed as a single unit
connected by suitable tubing to the.injection valve.

Effect of injection tube diameter.—Figure 15 shows
the effect of the injection tube diameter on the instan-
taneous pressures. According to Figure 29, Appendix
IIT, the critical tube diameter for the pump tested at
a speed of 750 r. p. m. is 0.094 inch. For tube diam-
eters greater than this the injecction pressures should
decrease because of the fuel lost to compression accord-
ing to equation (6) and because of the lesser intensity
of the pressure waves according to equation (39).
The expernmental results presented substantiate this.
It is seen that the maximum pressures occur between
the 0.076 and 0.138 inch diameter tubes. During the
taking of the experimental records it was noticed that
for the smaller tube diameters the tubes heated con-
siderably, indicating the resistance losses caused by the
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Ficuex 16.~—Effect of inside tube diameter on stem It and fuel pressurs
Pump speed=470 r. p. m.; tube length=34 inches; valve closing pressure=
2 lbsq.in.
turbulent flow. Wires were inserted in the injection
tubes in one series of tests, and it was observed that
the heating was even more marked and the pressures
lower than with an injection tube of the same flow ares
but without the wire. F¥or the tube diameters below
the eritical diameter the start of the motion of the
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injection valve stem is ragged; this is caused by the
unsteady flow conditions as a result of the high resist-
ance to flow.

It is noticed that the initial reflected wave changes
from & positive value for a tube diameter of 0.138 inch
to & negative value for a tube diameter of 0.076 inch.
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FIGURE 17.—Effect of throttle setting on stem lift and foel pressures. Infee-
tlon tube length=24 inches; diameter=0.078 Inch; pump speed =750 r. p.
m.; valve closing pressure=2,000 1b.fsq. in.

-

Substituting the test values in equation (41) shows that
the initial reflected wave changes from a positive value
to a negative value for a tube diameter of 0.124 inch.
(See also fig. 14.)

To check the experimental results on the effeci of
tube diameter, tests were run at & pump speed of 470
r. p. m. with injection tubes above and below the
critical tube diameters. (Fig. 16.) Again it is seen
that for the injection tube diameter below the critical
diameter, the stem motion is ragged. It is seen that
with either of the m]ectlon tubes the injection period
at the discharge orifice is less than the period at the
pump. This has been discussed in the section on the
“Effect of Injection Valve Closing Pressure.”

The general conclusion to be drawn frem these
figures is that, in designing a pump injection system,
care must be taken to have the injection tube diameter
and the diameters of all other flow passages, with the
exception of the discharge orifice, not less than the
critical tube dismeter, in order to prevent furbulent
flow.
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Effect of load.—The effect of load or pump throttle
setting on the instantaneous pressures is shown in
Figure 17. Sincs.the injection tube diameter was less

than the critical diameter, the record of the stem move-.

ment is ragged. The curves show that the throttle

T
_ [ -~ Pressdre fr-om equaf jon (39)
S — ] [} L4 | |2l | (6} ond (//)_
9;. — Experimanital pressure.
;-‘ Tote :n iid .04
= - =3 = I =
v R oo s
{ P Pu‘n;ggspe ed | §
g}’ O / ~ [~ - ~pm. : O‘S
i _ as
L ~—Eoieeds ] S
84000} 11 SR 04
g T A~ L LA~ N~ 5
ing r ~-l. Pump speed ?5

7 N . 780 rpm.

o Qo2 004 .006 008 0/ 0

7ime, second
FiGTRE 18.—Effect of pump speed on stem lift and fuel pressure. Tube
length=34 inches; inside tube diameter=0.138 inch; valve closing pres-
sure=2,5001b.sq. in.
setting had no effect on the instantaneous pressures
up to the point of cut-off. The throttle settings
designated do not refer to the fuel quantity delivered
but to the fraction of the throttle setting. It can be
concluded from the figure that with a constant-area

]
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Time, second
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contradiction to the opinion of Joachim and Foster in
the report on an annular orifice injection valve (re-
ference 25), in which they state that at part loads
with a spring-loaded automatic injection valve there
will be throttling between the injection valve stem
and seat.

. E@ t of pump speed.—From the previous figures
‘the effect of pump speed on the i injection characteristics

i can be studied. Additional test results are shown in _,
-Figure 18. Itis seen that as the pump speed increased
i the pressures dunng injection increased. As has been
_ stateﬂ ‘before, this increase results in an increage in
‘rate of penetration and in atomization at the higher
| speeds.

In the adaptation of equation (39) to this
particular set of conditions, it was found that the
initia] wave was not sufficient to open the injection
valve, unless the reflection was complete. Conse-

quently, complete reflection of the initial wave up to
t=3-Lfs was used in the computations. Under this
circumiistance the reflected wave — W was equal in
magnitude to the. oncoming wave F., This results in
the high rate of pressure rise at the lower speed and
the considerable deviation from the curve computed
according to equation (6).

It is interesting to note

It |

0.c03%

Figunk 10.—Effect of check valve on stem lift. Tube dlameter=(.138 inch; tube length=34 inches; orifice diameter=0.020 Inch; pump speed =750 r. p. m.; valve
closing pressure=2,600 1b./aq. in.

discharge orifice and with a constant-stroke fuel pump,
the injection characteristics during the injection period
are independent of the throttle setting, and that once
the injection characteristics are determined for full
load they are determined for all loads. This is in

the drop in pressure after injection started. Alexander
(reference 21) also noticed this phenomenon and attrib-
uted it to the volume change in the injection valve
as the stem lifted. The author of reference 26 drew
the same conclusion from the records of the movement
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of the stem of an automatic injection valve. Figurg |

18 shows that the drop in pressure is explained by the
pressure-wave phenomena.

Effect of the check valve.—If was found extremely
important to have a check valve between the fuel
pump and the injection tube, although the type of
check valve was not so important provided it wes
light and did not restrict the fuel flow. At low-speed
operation (470 r. p. m.) there was little difference in
the injection characteristics with or without the check
valve. However, as the speed of the pump was in-
creased, there proved to be a critical speed above which
the injection characteristics with and without the
check valve were materially different. Figure 19
shows two stem records taken under the same condi-
tions with the exception that the check valve was used
in obtaining the upper record, while no check valve
was used in obtaining the lower. An examination
of the lower record indicates that injection started
about 0.001 second before the start of pressure rise
designated zero time. With a 70-inch injection
tube no injection took place without the check valve,
although it did when the check valve was in place as
is shown in Figure 14. Three different check valves
were employed; first, one with & small collar below the
seat, as 1s shown m Figure 4; then, one with no collar;
and finally, an ordinary ball-check valve. The first
two gave virtually the same results. The ball-check
valve gave an injection period equal to that obtained
with the other two check valves, but the maximum
stem lift was less, indicating a restriction to fuel flow
past the ball. Theé conclusion to be drawn from the
figure is that for high-speed operation some check
should be provided to prevent all the fuel under
pressure from leaving the injection tube when cut-off
ocours at the fuel pump. Although a check valve is
the simplest method of accomplishing this, the same
results can be obtained by the use of & high primary
pressure under which the fuel is fed to the injection
pump, or possibly by the use of a restriction to flow
in the by-pass valve. The last method is not recom-
mended since the chance of obtaining pressure waves
of sufficient magnitude to open the injection valve
before the by-pass valve is closed are increased by any
restriction to the by-pass valve flow area.

APPLICATION OF THEORY TO PUMP DESIGN

In the following paragraphs the preceding theoreti-
cal analysis with the modifications based on the experi-
mental date will be applied to the design of a fuel
pump required to meet a definite set of conditions.

(2) TO DESIGN A PUMP TO GIVE THE SAME INJECTION PERIOD IN
SECONDS AT MAXIMUM AND MINIMUM PUMP SPEEDS

Assume the following requirements:
Range of pump speeds—250 r. p. m. to 1,000
r. p. M.
Fuel quantity to be injected—0.010 cubic inch.
Period of injection—0.0025 second.
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Sincg it is assumed that the injection period in sec-
onds is to be constant over the speed range, it is neces-
sary to use a variable-velocity pump so that the low
velocity range with respect to pump degrees can be
used at the high speeds and the high velocity range
with respect to pump degrees can be used at the low
speeds. If the injection period is to be kept constant,
the mean velocity of the pump plunger during the in-
jection period must be kept constant regardless of en-
gine speed. In order to maintain the inertia forces in
the pump at & minimum value, & constant-accelera-
tion cam is employed. The volume velocity B with
which the fuel is displaced by the pump at any time ¢
is given by the equsation

B=Aft

in which f is the acceleration of the pump plunger in
units of length per second per second and A the area
of the pump plunger. Since '

(51)
(52)

. t=8/6n
f=386n%

in which « is the pump-plunger acceleration in units of

length per degree per degree and 4 is the angular rota-

tion of the pump in the time . Substituting in equa-
tion (50) . '

B=6ndab (53)

Since a is constant, the mean velocity between any
two angles 6; and 6, is given by

Ba= 36nAa (6,+6) (54)
Let 6, represent the angular position for the start of in-
jection and 6; the position for the stop of injection.
Then, since the time of injection is to be maintained
constant, '

9’—81’=k

6n (55)

in which % represents the injection period in seconds.

Solving equation (55) for 6; and substituting in equa-
tion (54)

Bu= 3 6nAa (26,+6nk) (56)
Solving for 6; and 6,
. B,
&= b nda 3nk (57)
Ba '
fy= é—m'l' 3nk (58)

Equstions (57) and (58) give the cam positions for the

gtart and stop of injection at any pump speed n.

The value of a is determined by the maximum accelera-
tion permissible in units of length persecond per second
for the highest speed st which the pump is to be driven.

(50)
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Let M be the maximum pump speed and N the mini-
mum pump speed Let b be the highest permissible
acceleration in units of Iength per second per second.
Then

b=36M3a

The maximum angular displacement 6, of the cam
dunng the upstroke of the pump plunger is 6, for the
minimum r. p. m,

(59)

_Bn

(60)

Substituting for « the value obtained from equation
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i8 2H or 0.75 inch. The dimensions of the pump are
now determined.

The next step is to compute the dlscharge-onﬁce_
dismeter. Assume that the mean injection pressure
is to be 4,000 pounds per square inch. From the con-
ventional flow formula

2P - T
= — t
Q ach

in which @ is the total quantity discharged. Assume

(63)

| that the coefficient of discharge of the orifice is 0.80.
| Substituting in equation (63) '

(59) "2X4,000
GB M 0.010 =X 0.804/ 5oty % 0.0025
a=0.000498 square inch.
The liftof the plunger H for 6, is o ] . . R B,
The diemeter of the discharge orifice is, therefore,
H=}2.agm2 (62) | 0.0262 inch. o o _
The minimum diameter of the injection tube is

If it is assumed that the deceleration of the pump
plunger is equal in magnitude to the acceleration, the
total lift of the pump plunger is equal to 2 H. i

Assume that the maximum permissible acceleration
of the pump plunger is 10,000 inches per second per
second. Substituting in equation (59)

10,000=386 X 1000* X o
a=2.78 X107 inches per degree ?

Agsume that 6, for the maximum speed is 5°. The
value of B, is equal to the total fuel quantity divided :

determined from equation (46)

6nVA

Dy= 5007y

in which 6nVA is replaced by Bn. The value of vis

determined from Figure 28, Appendix ITI. At 4,000
pounds per square inch pressure the coeﬁicient of
visCosity is shown to be 0.100 poise which must be
converted into English units. Following the method
given in the section on the ‘“Investigation of the Re-

. sistance to Flow in the Injection Tube:”

<46>'

by the time of injection. v=g . L
Y
5. 0,010
™ 0.0025 =0,0182 inch? second—,

=4.00 cu. in. per second

Substituting in equation (46)

Substituting in equation (57) 4.00 _
400 De=550%3.14%0.0182 ==
5= X 1000A%2.78 X 10~ 5% 1000X0.0025 —0.140 inch.
A=0.1918 sq. in. '

The diemeter of the pump plunger is, therefore, 0.494
in. The value of 6,, is now obtained from equation (61)

6 X4X1,000°
250X 0. 1918)(10 000

=51.9°

m=

+3X250X0.0025

The lift of the plunger at H is given by equation (62)
H=1 278X 10X 51.9°=0.375 in,

The total lift of the pump plunger, assuming that the

deceleration is equal in magnitude to the acceleration,

The length of the injection tube depends on the length
of tubing required to connect the injection pump to
the injection valve mounted farthest from the pump.
It will be assumed that this length is 30 inches.

The test results have shown that a high injection
valve closing pressure eliminates secondary discharges
from the system. If the injection valve opening pres-
sure and closing pressure differ by & small amount,

there will be less chance of the initial pressure waves

proving insufficient to open the injection valve. The
difference between the injection valve opening and
closing pressures should be such that in every case the
initial wave will open the injection valve. Con-
sequently, the difference should be less than the mini-
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mum value of psy;. The minimum value occurs at the
start of injection at the maximum spetd and is equal to

p801.=0.795 X 1074 X 5.96 X 105 X 2,
=474 243

But 1 s given by
P = GnVX{Ii;

in which Vis given by

V=ag
=278 X107%*X 5
=1.390X107®
2. 0.1918
#=6X1000%1.39X 10 3X0 0154
=104 in.fsec.
psp, =474 X104

=493 1b. per sq. in.
=500 1b. per sq. in.

The maximum value of psp, occurs at 6; for the maxi- '

mumr. p.m. The valueis equal to * XP3”1,1=@X493

or 1,970 pounds per square inch. The mean value of

psv; is, therefore, approximately }&;493- =1,230
pounds per squere inch. The mean injection pressure
has been assumed to be 4,000 pounds per squere inch.
The injection valve closing pressure, assuming that a
check valve is employed that maintains the closing
pressure in the injection tube at the end of injection
will be 4,000— 1,200=2,800 pounds per square inch.
The injection valve opening pressure will, therefore,
be 2,800+ 500=3,300 pounds per square inch.

The value of 6, was assumed to be 5° 28 1,000 r. p. m.
From equation (55) it is seen that 6; equals 6;+ 6nk or
20°. At 250 r. p. m. 6, has already been determined
(51.9°). Consequently, since 6, equals 6,—6nk, 6; at
250 r. p. m. is 48.1°.

641

The known conditions are now:

Pump plunger digmeter—0.498 in.

Pump plunger acceleration—2. 78X 10~ in. per
degree per degree.

Injection tube diameter—0.140 in.

Injection tube length—30 in.

Discharge orifice diameter—0.0252 in.

Coefficient of discharge of discharge orifice—
0.80.

Injection valve opening pressure—3,300 1b. per
sq. in. .

Injection valve closing pressure—2,800 1b. per

_ sq.in.

Injection start—5° at 1,000 r. p. m.; 48.1° at
250 r. p. m.

Injection stop—20° at 1,000, r. p. m.; 51.9° at
250 r. p. m.

Check valve employed between pump and
injection ftube.

The instantaneous pressures are next determined.
Since the operation covers the high-speed range,
equation (39) is used, neglecting all pressure waves
after the second reflection at the discharge orifice.

The value of L/s for the 30-inch tube is 30/59,600 or
0.000504 second. At 1,000 r. p. m. this corresponds
to an interval of 3.02° and at 250 r. p. m. to an inter-
val of 0.756°. In column 1 of Tables I and II for 1,000
r. p. m. and 250 r. p. m., respectively, are tabulated the
values of time in seconds; in column 2, the values of
time in Lfs seconds; and in column 3, the values of
time in pump degrees. In column 4 the total angular
displacements are tabulated. The velocity of the
pump plunger », for corresponding pump angles is
equal to 6naf. The velocities are tabulated in column
5 in units of inches per degree, and in column 6, in
units ‘of inches per second. The values of r, are equal
to v,4/T. They are tabulated in column 7. The
waves originating at the pump plunger are equivalent
to psv;. (Column 8.) Since these waves reach the dis-
charge orifice Lfs seconds later, the same values are
tabulated in column ¢ for p&‘lh I, but displaced a time

| interval of L/s seconds.
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INJECTION PRESSURES AT 1,

TABLE I

000 PUMP R. P. M.

1 2 3 i F 8 7 8 ] 10 1 13 13
" —
Prtpim R D207 L o
t ¢ e ndiel i | | 1] e b bt vl
see.X104| Ljssec. | deg. | §2 |V[gF| im.fsec. | in.jsec. | Ib/fins b s |— 1b./ln.t
A B A B A B
0 0 0 0
0 0 0 5 13 | 8 104 490 2,800 2,800
2,53 0.5 1 L& 651 { L8 | 109 135 640 % 800 2,800
2,800 2,800 2,800 ¢
5.04 L0 | &0z | 802 | 228 | 134 167 790 490 | 3,%0 3,780 2,630 —510
7.56 15 | 48 | 0.8 | 265 | 1569 168 0 610 | 3,440 4,080 2,950 —490
10.08 2.0 | 604 | 1L04 | 807 | 18¢ 229 | 1,000 700 | 3,500 4,380 3,200 —390
12.60 2.5 7.55 12. 65 8. 49 20. ¢ 261 1,240 240 8,'_'740 4,660 3,460 —280
1512 30 | 006 | 1406 [ 391 | 235 293 | 1,30 | 1,090 | 3,890 | 3,280 | 4,980 | 3,700 | 3,760 | %670 | —I40
17.84 3.5 | 1087 | 1587 | 43¢ | 201 325 | 1,540 | 1,240 | 4046 | 8,55 | 5280 | 4,300 | 4040 | 3,180 0
20.16 4.0 | 1208 | 1708 | 475 | 285 35 | 1,680 | 1,300 | 4100 | 3,800 | 5530 | 4750 | 4300 | 8550 160
2268 | 45 | 18.80 | 1850 | &17 | 3.0 388 | 1,830 | 1,500 | 4,30 | 4,000 | 5880 [ 5320 | 4,600 | 4100 200
25,20 5.0 | 1510 | 2010 gw 33‘6 mﬁ 1'993 1,680 | 4,480 | 4,340 | 6,180 | 5880 | 4,600 | 4,630 420
27.81 5.6 | 1861 | 261 | © 0 0 0| 1,80 | 4,630 [ 4,630 | 6,460 | 6,460 | 5200 [ 5200 570
4,700 | 4,060 | 6,780 | 7,100 | 5500 | 5,850
80.24 60 | 1812 | 2812 | 0 ¢ ¢ 0 | Los0 | 2800 | 2,060 | 2800 | 3,120 | 1,900 | 2,160 700
32.76 6.5 | 10.68 | 2463 | 0 0 0 0 3 2,800 | 3,000 { 280 | 3,30 | 1,000 [ 2,350 | —g%0
38.28 7.0 | 21,156 | %15 | @ 0 ¢ ¢ o | 2,80 | 3,220 | 2,800 | 3,640 | 1,900 | 2,6% | -000
37.80 7.5 | 2266 | 27.06 | O [ 0 ] 0| a%00 | 5370 | 2800 | 3,040 | 1,000 | 2,850 | —900
40.82 80 | 2416 | 20.16 | 0 0 0 0 0| 2,800 | 3800 | 2,80 | 4200 | 1,000 | 8,100 | ~—000
42,84 85 | 2567 [ s0.67 | 0 0 0 0 0| 280 | 1,000 | 2,800 | 1,000 | 1,000 600
TABLE 1II . __ .
INJECTION PRESSURES AT 250 R. P. M.
1 2 3 4 5 (] 7 8 ’ " 10 11 12 13
Drta08; P28
: % e - -5 )
sec.;(loi L/ttsec. d:g. “'é’elgl (mgélii.&g') Injs'ec. lﬂ.,‘?I}BC. lbpjfll:.’ lb ﬁ:z._:' "Tb-fin.s 1b.fin.t - Ib—Jg’-’
o A B A B A B
(] 0 0 481 134 | 20.2 262 | 1,100 ¢ | 2,500 2,800 2,800
2.82 0.5 .38 | 485 { L3 | 20.3 253 | 1,200 2,800 2,800 2,800
504 .0 75| e | 138 | 204 254 | 1,200 | 1,190 3;% 52’% gﬁ% -3¢
7.56 L6 | 114 | 402 ] L37 | 206 26 | 1,210 | 1,200 | 4,000 5,200 3,080 —20
10.08 20 | L& | 406 | L38 | 20.7 258 | 1,220 | 5,200 | 4000 5,200 8,980 -2
12,60 25 [ no0 [ s0.0 | 130 | 200 260 | 1,200 | 1,210 | 4,010 5,220 4,000 —10
1512 30| 28 | 504 | L0 | 210 262 | 1,240 | 1,220 | 4,020 | 4,050 | 5240 | 5300 | 4,020 ) 4,050 0
17.64 356 [ 266 | 508 | L4 21.2 20¢ | 1,250 | 1,230 | 4,030 | 4,050 | 5200 | 5,300 | 4040 | 4,080 10
20.18 40| ao9 | m.2 | 142 | 2.8 266 1 1,260 | 1,240 | 4,040 | 4,000 | 5280 | 5320 | 4060 | 4000 |
22,68 45 | 845 | 8.5 | 143 | 2.5 208 | 1,270 | 1,250 | 4,05 |} 4,060 | 5300 | 5320 | 4,08 | 4,070 30
i Lis | 2.6 270 | 1,280 |.
25,90 560 | 38 | Lo | o o 0 0 | 1,200 | 4,080 | 4,060 | 50820 | 532 | 4,100 | 4,070 10
27.81 56 | 41 28| 0 0 ¢ ¢ | 1,270 | 4,070 | 4000 | 5810 | 580 | 4120 | 4070 50
. 1,280 | 4,080 | 4,000 | 5360 | 5320 | 4140 | 4,070
80.24 0.0 | 48 | 87| 0 0 a 0 0 | 280 | 4,080 | 2,80 | 2,780 | 1, 1, 60
82.76 6.6 | 4904 | 20| o 0 0 0 0 | 2,800 | 4,070 | 2,800 | 2,740 | 1,900 | 1,840 | —000
35.28 70| &82 | 84| O 0 . 0 0 0 | 2,800 | 4,060 | 2,80 | 2,720 | 1,000 | 1,80 | —900
37.80 75 | &70 | ®m8 | ¢ ¢ (] 0 0 | 2,80 { 40% | 280§ 2,700 | 1,000 | 1,800 | —900
. e LR ] 3
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To determine the values of the back-rushing waves,
the graphical method is used. The range of values for
#; is from 104 inches per second to 416 inches per
second. From equation (29), neglecting 7,,

T 2
=.-. 2{ —
D=5t (a p (29s)
0795><10-4X< 0.0154 :
0.000498< 0.80
=0.0597 vy

In Table III are tabulated the values of o, s, spry, and |

P21+ 8ply.
TABLE IIT

COMPUTATION OF pa & spve

1 ) 3 i !

|
81 P L +3pr:
infec. | bans | moas | Sbiies
100 600 470 1, 070
200 2,390 50 3,340
300 5,380 1,420 6,800
400 9, 560 1,900 13, 460
500 14,940 2,370 17, 310

]

l
From Table ITI the curve of p, against ps+spry is !

plotted. (Fig. 20.) It is also the curve of p,+ |
2807’ ’E 2 in which #" Lz is considered as the effective |
] T
velocity of all onrushing waves.
12000
//
v
I3 //
G000 //
[ V.
& il )4
o |l y
g ool
Tn ) /
5 i
§ 8000 Va
b /
& P4
] 1
£ 1000 4
g
/
2000 A
e
o 2000 4000 6000 8000 10000
B, Mo fsq.u.
FiGUBE 20
In column 10-A, Tables I and II are tabulated the
values of pg+8pﬂ£ 5. This column is completed for
T
all time intervals, since the waves are considered as

643

being destroyed after the second reflection. In

column 11-A are tabulated the values of p,+2spry
t—
$

From column 11-A and Figure 20 the values of p, are
determined. (Column 12-A.) The reflected waves
— W are equal to column 10-A minus column 12-A.
They are tabulated in column 13. The reflected
waves are then added to p,+8pu; La.t s time 2L/s

seconds after they appear in colum.n 13. (Column
10-B.) Twice the values of the reflected waves are
added to column 11-A in the same meanner to deter-

10000
¢ I Tl PLT T
& Start oflryecf:on
n 8000 b Spray cut-off &f 250 rp.m.
N ¢, Spray cuf-of fot 000 rp.
d 250 r-p.m 1000 r.pum,———
u}-6'000 =
Cd

3 1000 ws
g “ - - - A c
L Y, - 1
L2000—z =F
& [T

o .00¢ 002 - .03 a0«

Time, second
FIGURE 21.—Pressures at discharge orgili:: at marimoem and mInImum pump

! mine p.+2 (Sp’l}% L+sm;§ £ ): equation (40) which is

the same as pg+ ; [F(t —%) - W(t— %)] (Colum-n

11~-B.) The corresponding values of p, are entered in
column 12-B. Column 12-B represents the instan-

taneous pressures.

In Figure 21 the instentaneous pressures are plotted
against time for 1,000 r. p. m. and 250 r. p. m. Tt
is seen that the curves are not the same, since the
acceleration of the pump plunger with respect to time
varies as the square of the pump speed. (Equation

. [ I—r I J
8 Storf o)‘:ryecﬂon TL

‘5 b Sproy cuf-off af 250 rpm
£ .85 ¢, Spray cuf-off atf008r.p.m

go 250 r.p.m. 1000 r.p.m. ~--~-~-==~
e =3
— - 4 e o) -

8L | o T b I -
I3 f
< a2 =

0
3
€ o 001 002 003 .004 005

7ime, second

FiaueE 22.—Rats of fuel discharge at maximnm and minimum speeds

' (52).) Furthermore, the time of discharge is greater

at 1,000 . p. m. because the pressure at the end of
injection at the pump is higher at 1,000 r. p. m. than
at 250 r. p. m. Since the pressure returns to the
injection valve closing pressure, thaf is p;, the fuel
quantity discharged is equal to the fuel quantity
displaced less the losses due to leskage, which are
included in the assumption that the waves are dissi-
pated after the second reflection. The results show
that although the desired conditions are not exactly
obtained they are closely enough approached for prac-
tical purposes.
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At 1,000 pump r. p. m. the pressures during the
start of injection fall below_the injection valve clos-
ing pressure. Under these circumstances the injec-
tion valve might or might not close, depending on the
‘inertia and on the period of vibration of the injection
valve stem and spring. However, in order to avoid
a possible closing, it would be better to retard the start
of injection at 1,000 r. p. m. & few degrees past the
original start position of 5°, and also fo retard the
stop of injection accordingly. It must be remem-
bered that the by-pass valve does not open instan-
taneously at the end of injection, as is assumed in the

computations, so that the abrupt drops shown in the :

two curves do not occur. Instead, the phenomenon !
is affected by the rate of opening of the by-pass valve,
so that, although the pressure falls rapidly, there is !
an appreciable time required for the effect of the
pump plunger motion at cut-off to disappear.

Figure 22 shows the rates of fuel discharge at the
l equatmn 45)
rate of discharge varies as the square root of the ; .

meximum and minimum pump speeds. Since the

|
1

pressure, the curves show less variation than the |

|

pressure curves.

(b) TO DESIGN A PUMP TO GIVE A DEFINITE RATE OF FUEL
DISCHARGE

Assume the following conditions:
Pump r. p. m.—1,500.
Fuel quantity to be injected—0.00030 1b.

Average injection pressure—4,000 lb. per sq. in. - injection period at which time ac3p]p is given from

Injection period—15° pump rotation.

Injection tube length—20 in.

Coefficient of discharge of discharge orifice—0.80.
Rate of fuel injection—see Figure 23.

@

~

2]

cuw. in/sec.

ge,
o

A

&)

Ny

Rate of fuel dischar

g -

Q

.0004 0008 .obiz

Time, secohid
FIGURE 23.—Assumed rate of fuel discharge

0o apZa

The diameter of the discharge orifice is determined
by equating the mean velocity of flow through the
discharge orifice multiplied by the time of injection to
the total quantity discharged. Since the total quan-

L

I
I
|
i
f
i

losses from equation (47).

REPORT NATIONAYL ADVISORY COMMITTEE FOR AERRONAUTICS

tity @ is equal to the total weight m, divided by the
density

M o [20
v > t (63)
= T
et ‘/22 (64)
p
Substituting the numerical values
3.0X10* |

a: L i .
15 2 X 4000
.. 0.0807X0.80xX 5w 1500\/ 0.795 X 10~

=7.832%10"*%1n.2

Solving for d, the diameter of the orifice,
d=0.031 in.

The diameter of the injection tube is obtained from

2000v
Yy

D=

But v; the velocity in the injecﬁon tube at the dis-
charge orifice, is given by

2
=22

The meximum value of v, occurs at-the end of the _

(65)

Figure 23 as6.87 cubic inchesper second. Substituting
in equation (45a) and since T'= E o '
2000X 0.0251

6.87

T2

i D

D:l

.
FLLIR

=0.175 in.
T=0.0241 sq. in.

i in w]nch 00251 is the kinematie wscosmy at—4,000

pounds per square inch in units of inches? seconds?
obtained by the method given in Appendix ITI. Al-
though the meximum pressure in the injection tube

tube diameter determmed from the-average pressure
will be sufficiently accurater It is noticed that D is
determuined from v, instead of #, the velocity relative
to the pump plunger as is given in Appendix III.
Consequently, when the maximum value of #; is deter-
mined, it will be necessary to determine the pressure
If the losses are large the-
computations must be repeated for a new value of the
injection tube diameter.

hi

(458)

.will he greater than 4,000 pounds per square inch, the- ' :
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The velocity v, at the entrance of the injection tube
is determined from equation (25)

Prt psty =P+ 2P89”§_ L (25a)
s

in which #”, is the sum of the velocity originating at
the pump plus that of the reflected wave. Solving

for v",
v 1 L QI:N(P2_PI=)+52:| * (66)

In column 1 of Table IV the time.of injection is
divided into intervals of L/s, 20/59,600, seconds. The
corresponding times in pump degrees are tabulated in
column 2. The corresponding rates of discharge
obtained from Figure 23 are displaced /s seconds and

The values of v/, are now computed and tabulated in
column 6.

The velocities #; at the entrance to the injection
tube are determined from the values of v"; and equa-
tiomn @2

W=spm—sp’y | (32a)
in which ¥ represents the wave reflected from the
discharge orifice at the time under consideration. The
value of W also represents the reflected wave which
again reaches the discharpe orifice 2L/¢ seconds later.
The values of — W are entered in column 7. The com-
putations show that — W is negative at times of 1.0

and 1.5 L/s seconds, since at both these times #’; is
t—Lfs

less than 2,
irregular cam to compensate for the wave of rare-

TABLE IV
COMPUTATIONS TO DETERMINE v,

1 2 3 4 5 ' 1 8 ’ 1
[4 5’
Lo | afe | mike. | tnfie. | s é}é’e; oy ) é}ﬁg_ in e, [see.x10t
0 0 0 o | 200 0 0 0
0.5 s | o ¢ | 200 0 0 0 0 | Le8
1.0 3.0 487 202 | 2,750 180 —100 0 240 | %36
L& 46 507 21 2,990 210 —& 210 271 503
20 61 &2 219 | 320 240 100 240 w2 | 6m
25 76 | &8 27 | 3400 771 210 m 57 | 83
2.0 0.2 | 568 28 | 370 302 220 302 351 | 1008
a5 | 17 | 58 244 | 4,030 338 440 aa7 30 | 1.78
L0 | 123 | e 26 [ 4,310 a2 550 a1 s | 1342
45| 188 | 620 %1 | 4,600 361 3 | 1510
50| 3| e® 276 | 4,900 a [ 873 54 | 1678
56| 168 | 670 o8 | 520 8 a6 o | 45
60 | 183 e® 266 | 5,50 510 04 0| 2018
tabulated in column 3. Column 4 contains the values | faction. To avoid this it is advisable to start injection

of #5 obtained by dividing the rates of discharge by the
srea of the injection tube. Column 5 contains the
values of p. obtained from Figure 23 and equation
(63). The value of p—the injection valve closing
pressure—depends on the value of the injection valve
opening pressure. An opening pressure of 2,600
pounds per square inch is chosen, 150 pounds per square
inch less than the initial discherge pressure. The clos-
ing pressure should be sufficiently high so that the
values of oy are not excessive, but at the same time the
closing pressure must be low enough so that the differ-
ence in the forces on the injection valve stem before
and after the injection valve has opened is sufficient
to assure a rapid movement of the injection valve stem.
A value of 2,000 pounds per square inch will be used.

later. At the time of 1.5 L/s seconds the negative
wave is negligible so that injection will be started at
this point; that is, at 0.5 L/s seconds at the pump.
Substitution in equation 41 shows that the value of
7, for no reflection is 212 inches per second, approx-
imately the value of 9z at 1.5 Lfs seconds. The values
of # L column 8, are obtained by dividing the

va.lue — W which oceurs 2L /s seconds earlier by p¢ and '

subtracting from the values of »” 1

Vigsz—405— 4.21704 361 in./sec.

_L{'

The values of 1, are equal to the veluesof 5,  but

t—1Lfs
occurs Lfs seconds earlier.

This negative value would result in an

They are correspondingly
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entered in column 9. In Figure 24-the values of #
are plotted against time in seconds.

The diameter of the pump plunger is determined
from the permissible acceleration and from the curve
of v against time. To defermine the acceleration
relative to the velocity in the injection tube, the

300 T
-
G "
>
}eoo/ :
&
100

o 0002 0004 .0006 .08 .G0I0 .00l2 .00/4 .00/
fime, second :

FIGURE 24

equation of the curve in Figure 24, in which zero time
equals 0.5 L/s, is determined by assuming that the
curve is of the general form

n=At+0+GFt+I (67)
in which I is the value of #, for £=0. The solution of

equation (67) is 6btained by solving three simultaneous

equations in 4, C, and G. A fourth equation is not
needed since 7 is determined directly from the curve.
Any three sets of values for v; and ¢ may be chosen.
It is, however, advisable to choose values fairly well
distributed along the curve. For values of time of

0.0004, 0.0008, and 0.0012 second the equations become.

285= 64X10724+ 16X10-C*+ 4X107*G+210
340= 512X10™24+ 64X10~C*+ 8X10~@+210
875=1728 X10"2A+ 144 X 10~C*+ 12X 10~*G+ 210

REPORT NATIONAL ADVISORY COMMITTEE FOR AFERONAUTICS

Solving for 4, C, and @
A=0 .
C'=—0.625X 108
@=21.3X10¢
Substituting in equation (67)
i o=—0.625X10%2+21.3 X 10%+210 (67a)

The equation for the acceleration is obtained by
taking the first derivative of », with respect to ¢

doy

—d-1,—=—0.313><10’t+21.3><10‘ (68)

The maximum value of acceleration occurs at { =0 and

is equal to 213,000 inches per second per second.
Assume that the maximum permissible acceleration of
the pump plunger is 24,000 inches per second per
second. The ratio of the pump plunger area to the
area of the injection tube must be 213,000/24,000 or

8.87. " The plunger area is, therefore, 8.87 ‘AZ 0.175%

or 0.213 square inch. The diameter of the pump
plunger is 0.521 inch.

The equation of the lift of the pump plunger is
obtained by dividing equation (67a) by 8.87 and
integrating between the limits ¢, and ¢

v,=—0.705X107{2+240X10*£+23.7 (69)

S=—235xX10%¢%4+120X10*¢t%+23.7¢t+S, (70)

in which v, is the velocity of the pump plunger, S the

lift at any time £, and S, the lift at the start of injection.

The lift of the plunger during injection is obtained by
letting £ equal 16.7 X 10 ~* second
§=0.0621 inch
The total fuel quantity displaced during injection is
.@=0.213X0.0621
iz .. - =0.0132 cubic inch

i
il



APPENDIX I

SAMPLE CALCULATIONS CONSIDERING COMPRESSIBILITY BUT NEGLECTING PRESSURE WAVES

Consider the following experimental conditions:
2—2,850 1b. per sq. in.
L—34 in,
T—0.0148 sq. in.—0.138 in. diameter.
A—0.0985 sq. in.—0.354 in. diameter.
n—750 r. p. m.
+—0.0807 1b. per cu. in.
p—0.0307/(32.2 X 12) = 0.795 X 10~*1b.sec.? in.~*
@—0.000314 =q. in.— 0.020 in. diameter.
c—0.94,
F—284,000 Ib. per sq. in.

Let the motion of the injection pump plunger be given
by Figure 5. The volume of the injection tube is
0.509 cu. in. The displacement volume of the pump
from the start of the injection to the top of the pump
stroke is 0.027 cu. in. The fotal volume is 0.536 cu.
in. This volume will be considered to be 0.552 cu. in.
to correspond with the experimental results already
presented. As the tube volume is considerably greater
than the pump volume, equation (6) is used. The
value of 8y—6, is taken as 2°. First the constants of
equation (6) are derived.

acy[2—3.14%10-4x0 94\/—2-
Ye & : 0.795X10~*

=4.69X 107
20°¢_ 5 20% 10
p
12n R, 12X750X0.552 _ s

—6.E - 2x284,000 0-875%10

144n*AVER, _ 12nFR, > —2
I E = B B X 12 nAV=0.875X10
: X 9.000 X 103X 0.985X 10~V
=776V
144 n Ra

(OETA 24 P.=4(0.875X10"*)*p, =0.765 X 10~*p,
[}

= _ —4.69X1072+~/2.20X10~*+7.76 V+0.765p, X 10~

Vh= 0.875X10~2

=—5.36+ v2.88 X104+ 1.015V X 10*+p, (&)

I

The difference in F, at the start of injection and R, !

at the end of injection is 0.024 cu. in.; this difference
of 4 per cent of the totsl volume is negligible.

-valve opening pressure.

Equatlon (6) is now solved for the various values of
p, in terms of ¥ and p,. First tabulate in column 1 of
Table V the values of # taken at 2° intervals. In
column 2 tabulate .the total pump displacement,
column 1 plus 132°. In column 3 tabulate the values
of V obtained from Figure 5 and column 2. Column
4 is the product of V and 1.015X 105 To column 4 is
added 30 (30 is used in place of 28.8, since the values
are computed to the closest 10 Ib. per in.?), the first
term under the radical in equation (6), column 5.
To column 5 is added p., remembering that p, is equal
to p, for the time interval 2° earlier than that under
consideration. Column 6 for #=0is the injection valve
opening pressure, which is also p; for #=0, so the actual
calculations start at §=2°. Column 6 at 2° is, there-
fore, 2,850 lb. per sq. in. plus 730 1b. per sq. in. or
3,580 1b. per sq. in. In column 7 is tabulated the
square root of column 6. In column 8, 5 is subtracted
from column 7 (5 is used in place of 5.36 since the
accuracy of the computations does not warrant the
exftra figures). Column 8 is, therefore, the square root
of De. The values of column 8 squared are entered as

; Py in column 9. This process is repeated in each case,

using for Dea the preceding value of p, until the injec-

: tion process is completed. The results of Table V

are plotted in Figure 25.

The total fuel quantity discharged up to the point
of cut-off at the purnp is equal to the fotal fuel quan-
tity displaced less the fuel absorbed by compression.
The fuel quantity displaced is 0.0985 in.2X0.24 in.=

0.0234 cu. in. The fuel absorbed by compression is |

equal to the final predsure minus the initial pressure
multiplied by the total volume divided by E. Assum-
ing the initial pressure was 2,000 lb. per sq. in., Q.=
(3,360 —2,000) X2g 45320 0.0026 cu. in. The total
quantity discharged is 0.0234—0.0026 =0.0208 cu. in.

In the calculation of Table V it was assumed that
the pressure in the injection tube before the start-of
injection was close to the injection valve opening pres-
sure, and, consequently, after the by-pass valve closed,
a negligible part of the motion of the pump plunger
was necessary to raise the pressure to the injection
Under these conditions if is
necessary o have a check valve between the entrance

847
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to the injection tube and the fuel pump so that the
pressure in the injection tube can not drop to atmos-
pheric when cut-off occurs. Evaluating equation (11)
for the conditions under consideration,

_ 2.84X 10°X 2.95 X 10~ ]2
Z"I:V‘mo" 0.620X 136X 10— ©

=[69.0—1.26:X 10%]*
Taking ¢ in intervals of 2 pump degrees (0.00044

second), Table VIis obtained. If it is further assumed |

that the closing pressure of the injection valve is
2,000 1b. per sq. in., the discharge from the valve
stops approximately 8 pump degrees after cut-off at
the pump. The results of Table VI are also plotted in
Figure 25. Since, at the end of injection, the pressure

REPORT NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

has dropped to the initial pressure, the total discharge

is equal to the total fuel quantity displaced, but the .

./sa%/n.
D

ur.'e, .
3
\
\
/

/‘; Uﬂf éf 58

b
(o] ooz . 004 008
Time, second
FIGURE 25.—Instantaneous pressures computed from equations '
- (6) and (11). Tube length=34 inches; pamp speed=750
r. p. m.; orifice diameter=0,020 inch
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injection period at the discharge orifice is 8° longer
than a% the pump.

TABLE V
COMPUTATIONS ACCORDING TO EQUATION (6)
1 2 8 ¢ 5 [} 7 8 ¢ 10
| Total | V(in./ (1.015X10% Time
¢ | e deg.§ X 1{]: v @430 | 2t ® | V& | VB0 | 5 | sen s
0 132 6.6 670 700 2,850 0
2 134 6.9 700 730 3,580 60 &6 8,010 4.4
L) 136 7.8 40 T 8,780 61 56 3,140 8.9
6 138 7.8 %0 820 | 8,060 (i) 58 8,380 13.3
8 140 8.4 850 830 4,240 66 60 3, 600 17.8
10 142 8.9 900 930 4,530 67 62 3,840 2.2
12 144 9.4 950 080 4,820 [i22] 64 4,100 26.6
14 | 148 9.8 0 | 1,020 | 512 72 67 | 4,500 311
i 148 9.8 960 1,020 5,520 T4 62 4750 85.6
18 150 9.6 960 990 5,740 ™ 71 5,050 40.0
20 152 8.9 900 930 8,680 . 72 &, 200 4.4
22 164 8.2 830 860 6,080 i3 n &, 850 4.8
24 156 7.2 T30 760 6,110 ki3 & 5 8% 583
28 138 6.3 640 a70 6,020 7 ki 5 850 57.7
2 160 54 850 580 &, 630 ki ki & 200 622
30 162 4.8 470 &0 §,700 76 7 &, 050 66.6
82 164 3.8 390 420 5,470 T4 6 4,750 7.1
TABLE VI . T
" COMPUTATIONS ACCORDING TO EQUATION (11)
1 2 3 4 ¥ ]
Total
Sec.X10t| Deg. | ‘gor |1.26X10% :[(_113 1 Jns
0 0 184 4,750
4.4 2 168 63 3,900
88 4 168 11 58 8,400
13.2 fi 170 17 52 3,700
17.6 8 172 22 47 2, 200
2.0 10 174 2 41 1,700
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TABLE VII—Continued
COMPUTATIONS OF INJECTION PRESSURES ACCORDING TO EQUATION (15)—Continued
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APPENDIX I
SAMPLE CALCULATION CONSIDERING PRESSURE WAVES

Consider the conditions under which equations (6)
and (11) were evaluated:
p—2,000 1b. per sq. in.
L—34 in,
T—0.01498 sq. in.
A4—0.0985 sq. in.

n—750 r. p. m.
¥—0.0307 1b. per cu. in.
p—0.795 x 10~*Ib. sec.? in.*.
¢—0.000314 sq. in.
c—0.94.
T
a—c—50.8.
&—>59,600 in. per sec.
Using equations (14) and (15):
Tabulate in Table VII, column 1, the time in units
of 0.5 Lfs in which

L 34

¢ 59,600
(any multiple of Lfs less than 1 could be used.) In
column 2 tabulate the time in units of seconds. In
column 3 tabulate the time in units of pump degrees
from th& equation

sec.— 0.000572 seec.

=6 nt (51a)

in which 6 is the rotation of the pump in degrees and
n the pump r. p. m. From Figure 5 it is seen that the
by-pass valve closes at 132 pump degrees; conse-
quently the total pump rotation—tabulated in column
4—for any fime is 132, plus the corresponding value
in column 8. From column 4 and Figure 5 the pump
plunger velocity is obtained in units of in. per degree,
and is tabulated in column 6. The velocity is changed
to units of in. per second by multiplying the values in
column 5 by 6n, column 6. By multiplying the values
in column 6 by A/T, equation (19}, the corresponding
values of #; are obtained, column 7. The values in
column 7 are multiplied by sp to obfain the values
of the waves originating at the pump plunger at each
time ordinate, column 8. Sinee each wave reaches the
discharge orifice Lfs seconds after it originates at_the
pump plunger, the values in column 8 are tabulated in
column 9, but displaced by = time interval of L/s
seconds. Column 9, therefore, represents the values of
F{t—L/s) in equations (21). By adding these values

to p; the effeet of the oncoming wave originating at
the pump plunger plus the.static pressure in the
injection tube is obtained, column 10. The values are
tabulated again in column 11-A. The next step is to
obtain the value of the back-rushing wave TV. The
graphical method is used. From equation (29)

T 2
D2 —P:=£ﬂs Ze (29)
Neglecting p,
4 —4
pu= T8R0T 50 62 20,0027

From Table VII it is seen that the maximum value of
9y i8 205 in. per second. Consequently, 7, is evaluated
for values of » up to 300 in. per second. From these
values corresponding values of ps-+s8ot; are obtained,

TABLE VIII
COMPUTATIOXNS OF
P2t+8prz

i 2 3 4
o D2 [l Pa-t 2ol
infsec. | Ibsq.in. | Ib.jsq. In. | 1bfsq. i
100 1,026 437 1,499
150 2,310 710 3,020
200 4,100 850 &,050
250 6,410 1,180 7,890
300 9,230 1,420 10,850

(Table VIII.) The curve in Figure 26 for sp», against

Ppy+8p0, is plotted from Table VIII. Since 7+ 8pr;=

pr+28p0; ; (equation 25), this is also a curve of spny
L L .

¥
against p,+2spt; ;. In column 12-A are tabulated
=7
the values of py+2spr; ;from the sum of column 11
-L _
plus column 9. With these values of p.+2spr§ z the
s

corresponding values of spry are obtained from the
curve in Figure 26 and tabulated in column 14-A.
Column 14-A represents the part of the oncoming wave
psry which is lost to discharge through the discharge
orifice. Therefore, the reflected part of the oncoming
waveis column 14-A minus column 9. (Equation (32).)
These values are entered in column 15. The value of
6851
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P2 {column 13-A) can now be obtained by subtracting
column 14 from column 12, or by subtracting column
15 from column 11. (Equation (25)). Column 14 can
be eliminated from the computations entirely by
plotting & curve of p, against p,+ ¢pn; from Table VIII,
The values of 8py, are incorporated in Table VII to
show the amount of the oncoming wave energy that
is lost to discharge. On the completion of the process,
the values of p; in column 13-A represent the first:
three terms in the right-hand member of equations
(14) and (15). At the end of the third phase, t=3L/s
seconds, the reflected wave from the first phase
(column 15) has again reached the discharge orifice
and must be added to the values of column 11. This
is done in column 11-B, so that column 11-B repre-
sents the oncoming wave during the fourth phase, and
can be freated as a single wave. Consequently, a
corresponding series of values for column 12 must be

I/
Vi
';/0000
.
< goao
& /
)
& /’
*(-\ 6000 7
) /-
] /
N /]
Y4000 ,
S
-
R 0 P
+ 200 7
& p -
o//
200 <00 500 890 1000 1200 1460
spv;, tb/sq.im
FIGURE 26,

obtained (column 12-B) which start at a time of
3L/s seconds. From columns 12-B and 11-B, columns
14-B and 16 are obtained. Column 16 represents the
reflected portion of the wave originating in the phase
under consideration plus the reflected portion of the
wave reflected at the discharge orifice 2L/s seconds
earlier. Consequently, if column 15 is subfracted
from column 16, the result is the portion of column 15,
phase of 2L/s seconds earlier, that is now reflected.
Therefore, the difference between column 16 and col-
umn 15 must always be less than the value of column
15 for a time of 2L/s seconds earlier.

This process is continued until the injection process
is completed. From Table VII it is seen that the by-
pass valve in the fuel injection pump opens, stopping
the injection process at the pump at {=13L/s seconds,
so that after 14 L/s seconds, the values of column 9
become zero. If the check valve at the entrance to the
fuel injection tube closes instantaneously, the pressure

" REPORT NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

waves that are oscillating in the injection tube con-
tinue, although there is no reenforcement from the
fuel pump plunger. The injection process continues
until the energy of these waves at the discharge orifice
becomes less than the injection valve closing pressure,
in this case, 2,000 lb. per sq. in. The total fuel
quantity discherged during the injection process is
obteined, as before, by subtracting from the fuel
quantity displaced by the pump plunger the fuel lost
to compression. Since, in this particular case the
valve closing pressure is equal to p,, no fuel is lost to
compression,

To find how an individual wave originating at the
pump plunger loses its energy because of the discharge
through the discharge orifice, consider the initial wave
originating at #=0. The intensity of this wave is
930 Ib. per sq.in. However, 810 Ib. per sq. in. of it
are lost because of discharge when the wave first
reaches ‘the discharge orifice at t=1Lfs seconds. The
remaining 120 1b. per sq. in. is reflected to the pump
plunger, and is again reflected to the discharge orifice,
reaching it at {=3L/s seconds. Its reflected intensity
is column 16 minus column 15 for ¢=38ZL/s seconds,
100 1b. per sq. in. When it again reaches the dis-

charge orifice, #=5L/s seconds the reflected portion,
column 17 minus column 16, is 80 Ib. per sq. in. On

its next reflection it is reduced to 60 lb. per sq. in,,
then ta 40 Ib. per 8q. in., until at {=13L/s seconds the
original wave of 930 Ib. per sq. in. has been reduced to
30 1b. per 8q. in. because of the energy lost to discharge.
From this point on the wave is neglected as being
negligible. _ _ S
From Table VII a series of curves may be drawn
representing the pressures at the discharge orifice
caused. by the various pressure waves as expressed in
equations (14) and (15). First, the static pressure in
the injection tube, 7; is plotted. (Fig. 27.) To this

| i3 added the values of F(¢— Lfs) from column 9 of

Table VII. This curve is designated F({—Lfs).
The reflected portion of this curve is added W {#—L/s).
(Column 15.} The values of T (f—L/fs} again reach
the injection valve 2L/s seconds after they left it.
Consequently, the values of W({t—L/s) are again
added to the curve but offset & time of 2L/s seconds
and designated U({—8L/s). The reflected portion of
U@—3L/s), designated V({—3L/s), is obtained by
subtracting column 16 from column 16. This process
is continued until the injection process is completed.
The addition of all the waves constifutes the total
pressure, and is indicated in Figure 27 by the upper-
most line. It is seen that the curve jumps at all
values-of nL/s where 5 is an odd number, but that the
jump continually decreases in intensity. At Lfs
seconds after the end of the injection process at the
pump, F(— L/s) becomes equal to zero, and the curve
has an instantaneous drop. The injection process at
the discharge orifice continues, however, until the
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other waves in the injection tube have decreased so | {=8L/s the jump in the curve occurs, so to column 10
that the pressure af the discharge orifice becomes less | is added the value of — W obtained from column 14
than 2,000 Ib. per sq. in., the injection valve closing | for the time 2L/s scconds before the time under con-
pressure. sideration. These values are entered in column 11
The solution of the instantaneous pressure accord- | with the two values shown at ¢=3L/s seconds. Col-
ing to equation (89) is given in Table IX. Columns | umn 12 is now column 11 plus the difference between
1 to 10 are the same as columns 1 to 10 of Table VII. | column 11 and p,. Column 14, as in Table V11, is
2200 [ T ] [or-3ug] Me-3L] |
s R(E-7L/s)h | ] P (t-1IL/5)
000 K (t- TL/s) 0] RN Y E-//L/3)
Y (S LI A A NENNNONNWAGEZ
| PRI e 7 1 3 T
X (-5 L] = ~ \\\ NN, S1¢-13 L/s)
V(- 3Lss) 1 | A NN NN
3500 Uit st 2L N INCN NN
.i Wit-Ls)| | S - oA LN \\i\\x\\
] : /'/, L [~ \
N %] ~ AAN N
N AT NANNE
y N
9 NN A S (E-12L/5)
8 AN ORNRNY Ttz s
< 2000 N NIV 17273
TR NC NP/ L]
Fit - L/3) %\\\ gg-gﬁ,ﬂj
W(E - — -SL/s,
1500 32-31.,//2- — M}\\kﬁi'%‘/’*
e S/t \‘§am-5f_§f}
1000| \ [X¢t-5L/5)
500
o E 3 4 5 6 7 & g @ 12 13 M4 15 16 17

Time, L/s second

FiaURE 27.—Instantaneous pressures computed from equation (39)

W=Reflected portion of F
Ve = s
Y= « «xy
R= & « apr
Afm @ « ag
N= = « «p
S= & « =T

Column 10, however, contains in a single column the
sum of all the onrushing waves. In column 11 for
the time interval from #=0 to #=3L/s seconds the
values of py+ F(¢—L/s) are tabulated as before, and
the results in columns 12, 13, 14, and 15 for the same
interval are tabulated as in Table VII. However, at

(s H- w(e- z
x(:—s%) - V(:—sé)
£(t-12) = v(i-s%)
o(#-92)= r(s-1%)
P(t-112)=p(s-0%)
7(1-132 ) mae(1-1:2)

obtained from Figure 26. Column 13, p,, is column
12 minus column 14. In the completed table column
13 contains only the final pressures and not the indi-
vidual pressures from the various waves. As is seen,
the calculations are much shorter and simpler to handle
than those given in Table VII.




REPORT NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

TABLE IX
COMPUTATIONS ACCORDING TO EQUATION (39)

£

1 ) 3 n 5 ¢ 1 8 ') 18 1n ” n i 15
Ao | B aly | R Vo) o] D (7 62 iy PEEGHRIPEIE €I tins | o |
0 0 182 | 66| 27] 7| e o 200 2,000
0.5| 285! L5| 193.5| 68| 30.8| 202] 950 o] 2000 2,000
. 0| 2000 2,000 2,000 2,000 0 0
Lo| s7o| 26| 15| 7o| sus| 20| 0| es0| Zeso 2®0 2,860 20| 810 —120
15| 56| 40| 1380 73| 29| 28| 1040] 90| 290 2,050 2,900 3,000 81| -1m
2.0 14| 50| 132.0| 7.6 842| 26| 1,00| 90| 20 2,890 3,980 3,160 | 82| —170
26| 143| &b| 1388| 80| 360| 28| 1L,10| Lo | 3010] . 5040 4,080 5,210 | s -—200
% 070 4,140 3,20 | 80| -—220
80} 1! 75| wes] &3] s.0| 2] nuso| now!| zon 3180 380 y5i0| g0 —a20
85| 20.0| 0.0 14.0] &6| 88.7| 206| 1,210| L1%0| 5130 3, 270 4,640 3,600 | 80| —3%0
s0| 228| 10.5| 1425 90| 40.5| 28] Lz0| Li50| 3150 3,320 4,640 8,750 | 8% —430
46| 27| 1L5[ 485| 93| 4.0 2| 10| La0| 3210 3,410 4,820 3,010 10| -0
3,490 4,980 4,050 | 90| —so0
se| 25| 1m0 150] 6| 42| 28] vae| nwe| sz 3, 530 5 180 420 | 80f —6i0
55| 8L4| 160| 1480| 98] 42 1,390 | L810]| 3810 3, 700 & 400 4420 90| 720
6.0| 542 | 15.5| 147.5| 9.9| 46| 2957 1,400| 1,860 | 8 360 8, 780 &, 560 4500 | 1,000| 780
65| o1| 10| 48.0] 97 48.6) 29| 180| La80]| 3800 3,800 5,780 4700 | 1,020| -8
0! s0.9| 1zo| ool o8] s8] 28| 130| 1400] 8400 s e no0| 0| 0
7.5| 428 10.5| 16L6| 9.1| 40.9| 211} 1,280 1,870 88710 4, 000 o 180 5,120 | 1,060 | —1,080
8.0| 47| 205 28| 87| 82| 20| 1,200| 1,340 85340 4120 8 240 5,180 | 1,000 | —1,000
8.5] 48.5| 220| 140 82| 36.9| 24| 1,100| 1,290 83280 4,180 ¢, 300 5,250 | 1,070 —1,080
4,180 6,820 5,35 | 1070| —1,000
9.0 54| o} 1so| 77| 27| 2] nemo| 1,20 5290 £220 & 4o 5360 | 1,080 | —1,140
9.5| 542| 245| 156.5| 7.0| 8L5| 20| 00| 1,160] 8100 4,190 8,380 5,310 | L,070] —1,120
10.0| 6.0 260} 1580 68| 284| 18] 0| 1,00 8 000 4,150 6 300 5,240 | 1,000] —1,000
10.5| 60.0| 2z7.0| 18.0| 58| 261| 173 &w0| 0| 290 4,070 8 140 5,000 | 1,080 —1,020
3,980 5, 960 4030 | Lol —os0
mo| exs| 25| 1005 62| 234; 1| 70l ss0] 280 €080 €060 £020| Lo —090
IL5| 656| 29.6| 16L5| 48] 2.6| 148 60| 80| 28% 3,040 5, 880 4860 | L030! —010
120 68.5| 3L0| 168.0| <2| 189} 125 &s0] 730| 2730 3,820 5 640 4,600 1,000 820
12.6| 7.L8| 520 1040| 88| 17.1] 18| 50| 680 2680 8, 680 5, 380 4410 90| 730
82| 144! 5] 450 3,540 &, 080 4140 80| —60
0] 742| 83.5| 10535 0 ol o o 0l 20 8 530 & 160 ga0| 0| —e
13.5] 77.0| 34.5| 108.6 0 o o o s0] 280 3,450 4,900 3,070 |  930| —2%0
14.0| 79| seo0| 1820 0 o] o of B 2&R X8 560 2%0| | i
14.5| 828 #7.56] 169.6 0 o] o 0 o 2000 3,730 8, 460 2,700 | 700] +30
10| ss8| 85| 170.5 0 o] o v a| 2000 2,600 8, 200 240 | 70| +120
15.5| 884 40.0| 172.0 0 0] o 0 o| 200 2,470 3,040 250 | 70| +ido
16.0| 9.3 4.0| 178.0 0 o] o 0 0| 2000 2,000 2, 000 1450 | 6%0| 455




APPENDIX IIT
SAMPLE CALCULATIONS FOR DETERMINING CRITICAL INJECTION TUBE DIAMETER AND LOSSES IN TUBE

As an example, consider the fuel injection pump
already under consideration. Let V equal 0.0079 in.
per degree, approximately the average value for V
from Figure 5. Let the discharge orifice be 0.020 in.
in diameter, 0.000314 sq. in. in area, with a discharge
coefficient of 0.94. In order to deftermine the value
of p the pressure of the fuel must be determined.
This pressure is obtained from equation (2).

18 (AnV)?

= @
18(0.0985 X 750 X 0.0079)* X 0.795 X 10™* _

(0.000314 X 0.94)* =5,6001Ib.

per sq. in.

Having determined the value of p, the value of x is
determined from & pressure-viscosity curve. Figure
28 shows the pressure-viscosity curve obtained by

.25]
. 68 f v
g 20 Pl
Q 4
Q
2 157
= o
S
8 <
N

1a —
Y el
3 L
Q L1
3-05(—
<

o 2000 <400Q 8000 8000 10000

Pressure,lb./sqin.
Fraurr 28.—Effect of pressure on viscosity of fuel ofl

Hersey (reference 20) for Diesel oil with a Saybolt
Universal viscosity of 45 seconds at 80° F. and at-
mospheric pressure. The viscosity at 5,600 lb. per
sq. in. pressure is 0.130 poise, that is, 0.130 dyne

The kinematic viscosity is obtained from

F=&=E£ 0.00Q728 ].b. in_—l sec.™t
P 0.0307 Ib. in.—*

=0.0237 in.? sec.”!

The critical velocity at 750 r. p. m. is obtained from
equation (45)
.  2:000%0.0237 in* see.”!
B Din.

474, o
=—D‘— In, sec.

which expresses 2; as a function of the injection tube
diameter. In the case under consideration

6nVA
~ 500v% (46__)
=4500 X 0.0079 X 0.0985

X 500X0.0237

=0.094 in.
Expressed as a function of pump speed equation (46)
becomes _

Dy

Dy= 67X 0.0079 X 0.0985
x 500 X7 Xy

=2.97%x10-°2
¥

injection tube diameter is shown, and it is seen that the
maximum value of D, oceurs at 600 r. p. m.
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cm.™? sec. This must be converted into the English
system. The process is

_0.130 dyne sec. cm.™

981 dyne g.-! X981 em. sec.™?

=(0.130 g. cm."? sec.™

_0.130 g. cm.™" sec.” X 2.54 cm. in.™!
454 g bt

=0.000728 Ib. in."! sec.™t
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Crifical infection tube diometer; inch
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F1aTrE 20.—Eflect of pump r. p. m. on eritical injection tuhe diameter

tion-tube diameter on the friction loss is obtained as
8565

In Figure 29 the effect of the pump speed on the critical

i For the pump speed of 750 r.-p. m. the effect of injec- -
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follows: The average velocity through the injection
tube is expressed by the relationship

0354
Py, =2 gp V= X 6 X 750 X 0.0079

T e 7
4D 4D2

4.46 . .
= —D—f in, sec.

where D is in inches. The coefficient of friction is

obtained from equation (48). Substituting the values
obtained in the previous equations

—0.35

f=0.00714+0.6104 (%9 D 0——01237)

-~0.38
—0.00714+0.6104 (%‘—3)

The value of f is determined for each value of D.
The average value of v, expressed as a function of
D is substituted in equation (47) which becomes

4.46\? o
?=fI"p7 ) 2>
The coefficient f is dimensionless because it is a funec-

tion of Reynolds Number. Substituting the dimen-
sions of the factors

in -8

p=in. in.? sec -l 0
. in.? sec.”%; 5

in. sec.”? in,

=1b. in.~?

Substituting the values already determined and
assuming an injection tube 34 inches in length

_£X34X19.9X¢.0307
p IXDF X386

0. 0269 188.3\7%
=—7F [0.00714+0.614<T) J

The curve of this equation, together with the values
of v, and v, are shown in Figure 30. It is seen that
% and v, intersect at an injection tube diameter of

12000 \ 240
10000 \\ 200"
§8000 \ 160
§ | ;
: N :
& 6000 120
y Y §
§ 4000 \\ \\ 80§

: W\ N N\

Izooo l\ \k\ — 40
P N t—]

B> S e e R S

In_jecton fube d/b.'mefer, rch

F1eurx 30.—E flect of Infection tﬁbe diameter on prassure losses, marimum
-yelocity, and oritieul velocity. Orifice diameter=0.020 inch; pump
speed=750 r, D. m.; tube length=33.75 Inches

0.094 inch. The figure shows the high pressure losses
that can occur in the injection tube for small tube
diameters.



APPENDIX IV
WORK OF OTHER INVESTIGATORS

Work of Mafthews and Gardiner (reference 27)—
Matthews and Gardiner investigated the injection
characteristics of an impact pump by means of spray-
ing the fuel onto & target attached to the flywheel of
the engine. They claimed that this type of pump
would give injection characteristics that were inde-
pendent of engine speed because the discharge was
controlled by the return of the pump plunger when

auf- = ~}-In

necessary to build up the pressure in the injection fube
to the valve opening pressure. They also found that
for a given valve opening pressure the injection lag
inereased with an increase in discharge-orifice area.
This is-rather difficult to explain, unless with the
larger orifices the initial discharge was not of suffi-
cient intensity to record on the paper targets.
Matthews and Gardiner’s attempt to design an injec-
tion system that was independent of engine speed
is interesting. The chief difficulty with the sys-
tem they suggested would lie in the pump plunger

( % “Vig -~ Valve cages

D5

AR

Y not returning under its spring force entirely, but
being affected by the cam follower overtraveling
the drop of the cam at the high speeds. Further-
more, the cem would be subjected to severe
impact loads.

Work of Matthews (reference 28.)—Matthews
investigated the spray characteristics of a cam-
operated variable stroke pump (fig. 31) by means
of spray targets. He found that the maximum
injection pressures varied with pump r. p. m.
Matthews did not use a check valve at the
entrance to the injection tube, since he believed
that it would restrict the fuel flow. This belief
is not in accordance with the results presented in
this report. Matthews stated that any pressure
waves caused by the initial impact of the cam
sgainst the cam follower were probably dis-
gipated. Actually, in his injection system, in
which there was an initial clearance between
the cam and the cam follower, there were prob-
ably pressure waves of a rather violent nature.
He noted secondary discharges and attributed
them to the bouncing of the stem. He recorded
¢ a slight increase in injection lag with injection
"valve opening pressure. Matthews correctly

attributed discharge that took place after the
pump plunger had passed through the fop center
of its stroke to the compressibility and elasticity
3 of the fuel. The fime lag of injection that

Fiaurx 31.—Fuel pump used by Matthews

released by & cem with a radial drop. Their results
showed that the time of injection for a constant stroke
decreased with an increase in the discharge-orifice
diameter. This was due to the lower end-pressure of
injection, and is in accord with the results presented
in this report. They found that the discharge interval
decreased with an Increase in valve opening pressure,
and correctly attributed it to the additional time

Matthews obtained shows that his injection was

probably more of a wave phenomenon than a
displacement phenomenon. The lag (fig. 32) is
virtually independent of engine speed, varying from
0.0013 second to 0.0012 second for a speed range from
600 to 1,600 r. p. m. Since the time lag remained
virtually independent of engine speed over the range
investigated, the start of injection at least was appar-
ently controlled by the elasticity and inertia of the
fuel and not by the rate of displacement of the pump

857
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plunger. Matthews attributed too many of the
characteristics that he observed to the motion of the
automatic injection valve stem. The apparent time
interval between the start of injection and the high
rate of injection, which he based on the opening of the
injection valve, is probably due more to the pressure-
wave phenomenon such as is ohserved in Figure 19.
As he has stated, investigations with spray targets
must be supplemented by additionel research on the
rates of discharge from the injection valves in order to
interpret fully the target data.

i C l F If r’l c!fre ! rnlw/fhl_ % }un Ier .
onfact of o - arm W 7 PUmp pr j/ |

9 i —_
820 e =
g T . s
gy L= roim_
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20 : _ _ 1 _

025  .d50 075 TLI00 225 150

Stroke inch
FIGURE 32.—Effect of r. p. m. on time lag of Jet. Two orlfices 0.02% Inch; valve
openi{ng pressure=1,000 l1b./sq. in.; primary pressure=2251b./aq. in.

Work of Hicks and Moore (reference 29).—Hicks
and Moore, by means of an oscilloscope, investigated
the spray characteristics of the same variable-stroke
fuel pump tested by Matthews. Their data, however,
are for a constant fuel quantity and not constant stroke
go that the data are difficult to interpret. They
recorded a negative injection lag (fig. 33) at speeds over

40
| L ——Teutorr
20 p——
i —
5< Heavy
$re sproy
To —
g ~
020 [~ Light ‘F'Sf.qrf_
~ Spra. freavy
'\_ d spray
7 -
40 Sf&rf of pump pslunger“ \ )
| sfroke as determined| [stort]
from ‘borring over" engine i r/ec Tf'on
80— 406 800 7200 1600 2000
Speed, r.p.m.

FIGURE 83.—Effect of engine speed on Injection lag, spray characteris-

tics, and daretion of injectlon, Orifice diameter=0.028 inch; fuel

quantity constant at 2.5X10~+ ib.feycle; valve opening pressure=6,000

Ib.fsq. In.
1,300 r. p. m. Matthews did not record negative lags
even at speeds as high as 1,600 r. p. m. By means of
the oscilloscope Hicks and Moore found that the pump
cam had become irregular because of excessive use;
consequently, the rocker arm left the cam at—high
speeds, causing it to strike the pump plunger at an
earlier position than
engine over.

that obtained from barring the
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Work of Joachim.—During the process of the devel-
opment of the N.'A, C. A. single-cylinder pump for use
on the N. A, C. A. Universal test engine, Joachim
recarded. the injection lag by means of spray targets.
The injection pump that he employed was eccentric-
operated. The injection valve has been deseribed in
reference 25. He found thet the injection lag increased
with the injection valve opening pressure (fig. 34) but
that at a valve opening pressure of 2,750 lb. per sq. in.
the curve became discontinuous. At opening pres-

‘sures above this the lag curve, while remaining parallel

to the griginal portion of the curve, was ofiset from it.
At the lower valve opening pressures the initial pres-
sure waves from the pump were apparently sufficient
to open the injection valve, but the maximum intensity
of this wave was 2,760 1b. per sq. in. Consequently,
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a .00t .003 004 .005
FIGURE 34.—Effect of valve opening pressure on injection Jag. Pump speedm
750 r. p. m.; tube length=44 inches; inside diameterm0.12% izch; outside

dlameter =0.250 inch; primary pressure==200 1b.fsq. In.

when a higher valve opening pressure was used, the
injection valve did not open until a reenforced wave
reached if. '

Work of Alexander (reference 21).—A.lexander '

recorded the instantaneous pressures in a fuel injection
gystem by means of 2 Hopkinson optical indicator, and
the motion of the injection valve stem by means of a
Cosby indicator. The pump tested is shown in Figure
35. The load control was obtained by means of the
spill valve which by-passed a portion of the fuel during
the injection. Alexander investigated the effect of
valve opening pressure and load on the pressures in
the injection system. He found that inecreasing the
valve opening pressure increased the injection pressures
throughout the injection period. (Fig. 36.) Thisisin
accord with the mathematical analysis and the exper-
imental work presented in this report: He also found
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that because of the compressibility of the fuel the pres- The.effect of load on the instantaneous pressures with
sures did not reach the maximum pressure of 2,000 Ib. | the type of pump he employed is shown in Figure 37.
per sq. in. as given in equation (2) of this report unless | It isseen that as the load decreased, the instantaneous
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Figure 36.—Fuel pump used by Alexander

the valve opening pressure exceeded this amount. | pressures, after injection started, decreased &t & more
When this was so, the pressure dropped steadily after | rapid rate because of the fuel quantity by-passed
the injection valve opened. Alexander correctly con- | through the spill valve. The use of the spill valve as
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cluded that the injection characteristics of an injection ; aload control is the same as the use of & variable-stroke
system can be materially altered by changing the in- | pump for load control. In each case, the instantaneous
jection valve opening pressure. | injection pressures, and, consequently, the fuel atomi-
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zation and distribution vary with the load. Conse-
quently, the type of combustion in the combustion
chamber of the engine will vary with load. This
-constitutes the chief ob]ectlon to the vanable-stroke
injection pump.

_REPORT NATIONAL ADVISORY COMMITYTEE FOR ABRONAUTICS

both types. (Fig. 38.) It is not stated how the data
were obtained. He states that with an open nozzle
when cut-off occurs the fuel under pressure in the fuel
injection line continues to discharge through the dis-
charge orifice until the pressure has reached the pres-

2500
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FIGURE 87.—Eflect of load on instantaneous pressures. Pressuré required to open atoxfzer valve=1,9201b./5q. in.

Work of Wild (reference 1).—In a paper presented
before the Society of Automotive Engineers, Wild has
given a discussion of the operation of verious types of
fuel injection pumps. He correctly states that the
instantaneous pressures delivered by a fuel injection
pump are less than the values obtained by equating

Pump-shaft motion, degrees .
275 285 295 - 05 35 325

BT TT T T T [ 7
ozzle opens | 2\
240 - T \ T .6
g ; L imit of. -
: valve-gtem
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E 160 J J 1 \ \ e
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| / s o
0 L_ Injection Continued
. rlod of—- injection of
osed nozzle. | open nozzle
fnjecflan_pertod of | aobouti5to
open nozzle 20 degress

FraurE 38.—Comparison of pressores with open and closed nozzles

the rate of displacement at the fuel pump to the rate
of discharge through the discharge orifice because of
the compressibility of the fuel, but he does not con-
sider methods of correcting for the compressibility.
He presents a comparison of open and closed nozzles
and gives data on the instantaneous pressures with

sure in the combustion chamber. This is correct, but
since most of the fuel under pressure will flow out
through the by-pass valve of the pump, the rate of
pressure drop will be extremely rapid, as was shown in
reference 18, and only a small part of the fuel left
under compression will continue to discharge through
the discharge orifice. The case that Wild cites com-
pares to-the case presented in this report where it-is
considered that thereis a by-pass valve at the entrance
to the injection tube which closes instantaneously
when cut-off occurs. As has been pointed out, this is
an extreme condition and will not occur in practice,
because the check valve does not close instantaneously.
Wild concludes that the fuel volume under pressure
should be as small as possible. The present investi-
gation has shown that injection tubes for small high-
speed engines can be as long as 30 to 40 in. without
presenting any disadvantages to the injection of the
fuel, and that it is more important to employ a tube
diameter sufficiently large to insure leminar flow .
through it, than it is to decrease the fuel volume under
pressure to a minimum. Wild has correctly stated
that-the speed of the injection pump materially affects
the injection pressure and the atomization and dis-
persion of the fuel jet. He states that to compensate
for this variation it is necessary to employ injection
pressures at high speeds considerably higher than are
necessary for good atomization. This is, at best, a
compromise method that must result in the injection
characteristics being correct for only one speed. For
constant-speed operation this will prove satisfactory,
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but for variable-speed operation either a variable-
velocity-cam pump with & constant time of injection,
an injection system similar to that deseribed by the
author in reference 18, or a system similar to thai
described by Rosen in reference 30, in which the initial
opening of the injection valve is cam-controlled, will
probably prove more satisfactory. Wild’s value for the
compressibility of fuel oil, 0.0001 part of the original
volume per atmosphere, gives a value of 147,000 Ib.
per sq. in. for the bulk modulus. This value is prob-
ably too Iow. Hersey gives a value of 284,000 1b. per
sq. in. (reference 20) chosen from the values for fuel
of similar properties, and Alexander (reference 21)
determined the vslue experimentally to be 296,000
lb. per sq. in.

Work of Gerrish and Voss (reference 82).—Gerrish
and Voss have done some preliminary work at the
Langley Memorial Aeronautical Laboratory on the
rates of fuel discharge from an automatic injection
valve. The injection valve and the fuel pump were
the same as employed by Spanogle and Foster (refer-
ence 6) in their investigation on the effect of multi-
orifice nozzles on engine performance. The apparafus
that Gerrish and Voss employed was similar to that
used by De Juhasz. (Reference 31.) The method
consisted of intercepting the fuel discharge from the
injection valve for an interval of 0.5° rotation of the
fuel pump. The results, though brief, are extremely
interesting. The start and stop of the fuel spray
from the injection valve was also observed with an
oscilloscope. (Reference 29.) Figure 39 shows the
total displacement of the pump plunger and also the
rate of displacement obtained by drawing tangents to
the total displacement curve. Figure 40 shows the
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Frouer 38.—Displacement curves for foel pump used by Gerrish. Injection valve
opening pressure=3,000 1b.fsq. in.; pump speed=750 r. p. m.; total ares of dis-
charge orifices=0.0113 sq. in.; infection tube diameter=0,130 in.; Injection tube
length=36 in.; by-pass valve closes at 6°; by-pass valve opens af 41.5°

start and stop of injection as measured with the oscillo-
scope, the rate of discharge from the injection valve
measured with the apparatus, the rate of discharge
computed according to the Allievi theory, and the
record of the movement of the stem of the aufomatic
injection valve. The curve shows that there was no
appreciable discharge until 10° after the start of injec-
tion. The discharge before this time, though plainly

visible with the oscilloscope, was barely sufficient fo
be measured. The rate of discharge increased rapidly
from 34 to 45 pump degrees. At this point, cut-off
occurred and the discharge dropped to a small amount,
and dwindled to zero. The motion of the injection
valve stem was recorded by the same method as shown
in Figure 6. Because of the light spring used in the
injection valve it was necessary to limit the lift of the
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FIGURE 40.—TInjection valve opening pressure=3,000 1b.fsq. In.; pump speed
=750 r. D. m; total ares of discharge orifices=0.0113 sq. in.; inlection tube
dismeter=0.120 in.; Injection fube length=36¢ In.; by-pass valve closes at
6°; by-pass valve opens at 41.5°
stem to 0.20 in. in order to prevent oscillations of the
stem that would open and close the injection valve
during the injection period. Consequently, the record
cen not be used for & pressure analysis. The stem
movement record was not synchronized with the rate-
of-discharge data. It is seen, however, that the period
during which the injection valve remained opened
corresponds closely to the period during which there
was an appreciable discharge from the injection valve.
The afterdischarge apparently took place during the
bouncing of the stem. An explanation of the fact that
the oscilloscope showed a discharge from the injection
valve, even though no lift was recorded on the stem, is
found in the rate of displacement of the fuel pump and
in the instantaneous pressures computed according to
the Allievi theory. (Table X.) The primary pressure
maintained in the injection tube between injections
was 150 Ib. per sq. in. There was no check valve
between the pump and the injection tube. At the
point in the plunger stroke at which the by-pass valve
closed, the plunger was moving at a velocity that was
not sufficient to maintain either the injection valve
opening pressure (3,000 1b. per sq. in.) or the injection
valve closing pressure (1,600 Ib. per sq. in.). Conse-
quently, the injection valve did not open until there
was sufficient pressure on the stem to equal the valve
opening pressure. This opening occurred between
39.4° and 40.8°, Table X. - There was, however,
sufficient leakage through the injection valve before
this time so that a spray was formed which was suffi-
clent to be observed by the oscilloscope but was
scarcely sufficient to be weighed. A comparison of the
computed and messured vates of discharge shows a
close agreement, particularly for the time at which the
main discharge started and the time at which it stopped.

|
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TABLE X
COMPUTATION OF PRESSURES FOR RATES OF DISCHARGE SHOWN IN FIGURE 40

1 2 3 4 3 6 7 - ) 1) i 1
sze:{s'. aes. &{51 “n‘x‘{g;sg‘) tn fec. 1b£§)in. £<EL£) ﬂ;c.sljs—:: 2 plt:f:: i P.I:.z:li'ﬁfh .40, . ks
0 0 6.0 0.10 | 387 188 0 150 160 160 180
EETIEEY 10| 8.7 188 0 150 150 150 |- 150

nof 29| s&e] . .| &7 188 188 350 350 850 - 550 200

16| 44| 104 L0 se.7 188 188 350 350 550 560 200

20| &8 118 10| 39.7 188 188 350 350 550 550 200

25| 73| 13.8 0] se.7 188 188 350 350 550 550 200
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45) 18.1f 18.1 .16 | se.7 188 185 35 350 550 550 050 550 950 200
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Work of Gasterstlidt (reference 338).—Gasterstidt
has published some interesting information relative
to the injection system of the Junkers-Diesel aircraft
engine. The injection system consists of four injec-
tion valves and two injection pumps. Each pump
supplies fuel to two valves. The pumps have the
same method of fuel control as that illustrated in
Figure 4. Open nozzles are employed, and a ball-
check valve is mounted between the pump and the
short injection tubes. He has correctly stated that
the degree of atomization of the fuel spray increases
with a decrease in the size of the discharge orifice.
(Reference17.) Theuseofshorttubesis recommended,
since, according to Gasterstids, itcauses the resistance
to flow to be small and minimizes after-dribbling.
The present investigation has shown that the resistance
to flow can be made negligible by the use of the correct
injection tube diameter, even though the injection tube
is of sufficient length to permit the mounting of the
fuel pumps in a single unit instead of mounting each
fuel pump as close to the combustion chamber as

possible, as is the case in the Junkers engine. It
is possible that after-dribbling may be more marked
with long injection tubes, if the check valve at the
entrance to the injection tube closes instantaneously.
However, the work of the author on fhe common-rail
system (reference 18), has shown that even with an
injection tube 70 in. in length the drop of pressure af
the discharge orifice is extremely rapid when cut-off
oceurs, In fact, the rate of pressure drop was shown
to be virtually independent of the injection tube length
for tubes from 13 in. to 70 in. in length. These results
showed that the effect of injection tube length on
after-dribbling has been overestimated.

Gasterstddt has measured the maximum recorded
injection pressures at the injection pump and at the

discharge orifice for various speeds and loads. His

results are shown in Figure 41. It is noticed that the
maximum injection pressures recorded at the fuel
pump vary as the 1.64 power of the engine speed af
full load and as the 1.60 power at half load. (Com-
pare with equation (2).) Consequently, as has been

e
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stated before, the rate of spray penetration and the
spray afomization both vary with engine speed.
With the Junkers injection system, it is also noted
that there is an appreciable pressure drop between the
fuel pump and the discharge orifice.
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strikes the seat and causes the pressure to build up
and reopen' the valve. The cycle repeats itself so
that the pressures appear as plotted in the lower half
of Figure 42. Actually, as has been shown by the

£

This may be caused either by pressure- 929 . MERZEENEE TR 4aoo'g
wave phenomens or by resistance toflow [\ Y \‘:/Prfe,ffw T LAY 1) {30008
in the injection tube. < ' / /. u / \\ ," | ,/ 7 <

Work of *‘0il Engine Designer”’ (refer- £.0/0|—k > YAEEA . 20008
ence 26).—An anonymous investigator ?::l \ 7 /‘ ‘\‘ I 7\ 7 2
who signshimself “Oil Engine Designer” %% K F ARNFEAN\REV/ENY 10005
has presented experimental records ' \[ 1/ hil ' s @
of the lift of an automatic injection a ooz 004 9% e O 0/0 oIz "*

valve stem, together with an enalysis
of the instantaneous pressure occur-
ring at the discherge orifice of the injection valve.
The record he obtained is shown in Figure 42. His
analysis is based on the assumption that the compressi-
bility of the fuel is negligible. He states that as
the injection valve stem starts to rise the volume of
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FIGURE 41.—Eflect of englne r. p. m. on maximum Inlection pressures for Junkers
Diesel engine

fuel around the stem is increased and the fuel pressure
drops. This continues until the stem having reached
its maximum Iift starts toward the seat again, actually

FIGURE 42.—Injection valve stem record as recorded and assumed pressure

present work, this is not the case. In the first place,
any analysis based on the assumption that the fuel
is not compressible is fundementally in error. In
practice the additional volume in the injection valve
caused by the lift of the valve stem is too small to
affect the pressure conditions. The conditions shown
in Figure 42 indicates that the stem lift of the injection
valve was not sufficiently limited and consequently
the same phenomenon occurred as is shown in Figure
10, in which the rate of pressure rise was sufficiently
great to cause the valve stem and spring fo oscillate
at the free period of the system. This does not result
in the pressure at the discharge orifice dropping to zero,
unless the size of the injection valve stem iIs out of
proporiion to the rest of the injection system. Figure
10 shows that the maximum pressure may occur at
the maximum stem lift which is contrary to the
assumed pressure diagram given by the investigator.
(Fig. 42.) If detrimental osecillations of the injection
valve stem do occur, they can be eliminated by stop-
ping the stem at a lift which is less than that which
the injection pressures will impart to the stem, as is
the case in Figure 40. '

LaNGLEY MEMORIAL AERONAUTICAL LABORATORY,
NaTroNAL ApvisorY COMMITTEE FOR AERONATUTICS,
LancrEY Fievp, Va., March 6, 1931.
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